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Abstract

Crystalline and glassy K;_,T1,Zn(POs3); polyphosphates have been synthesized and characterized. UV—visible spectroscopy was
systematically used in order to analyze the optical properties of TI" ions both in crystalline and glassy forms with the similar
compositions. The investigated polyphosphates can be considered as a model system since the spectroscopic properties of T1" ions
in the glasses could be deduced by comparison with those in crystals. From structural point of view, in the crystalline forms the
thallium ions are six-fold coordinated in a dissymmetrical oxygenated sites. Three luminescences (x, Ay, A7) have been then
observed and were attributed to the isolated TI1™ ions. In the glassy forms, an additional luminescence (D) has been detected in the
low-energy range and was assigned to the Tl pairs formation. The relationship between the TI' site symmetry and its optical

properties is discussed in the context of the Fukuda’s model.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The luminescence of T1* in insulators was first
reported as T1" was introduced as impurity in alkali
halides. The emission and absorption spectra were
interpreted by Seitz in the case of KCIL:Tl assuming
T1" ions replaced K™ in the lattice [1]. Later Curie [2]
gave a basis of the interpretation of the spectroscopic
properties of Tl in alkali halides involving the *s*”
character of this ion. In several sodium chloride type
compounds three absorption bands are usually observed
labeled A, B, C with increasing energy in addition to a D
band which has an excitonic character. In this simple
description are excluded the additional bands resulting
from possible clustering of this activator. Assuming Tl
in a cubic center the 4, B, C bands were attributed,
respectively, to the "4y, 3Ty, *E, +3T>, and 'Ty,
transitions, respectively. Actually, by excitation in the 4
bands, one or two emissions can be observed depending
of the composition of the host. The origin of this effect
was discussed in detail by Fukuda [3] and Ranfagni et al.
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[4]. The existence of two emission bands—A7 (high
energy) and Ay (low energy)—was explained by
considering the respective influence of spin—orbit cou-
pling and electron—lattice interaction through the Jahn—
Teller effect of the 3T, excited state. Similar considera-
tions were taken into account to explain the luminescent
properties of the phosphor Caz(PO4),:Tl used in
fluorescent lamps [5]. The structure of f Caz(PQOy), is
characterized by five non-equivalent positions for Ca*"
with a wide range of coordination and calcium-oxygen
distances which are included between 2.24 and 3.23 A.
Such multi-site system makes difficult the interpretation
of the luminescent properties in relation to the crystal
structure. Recently, similar Ay and 47 band emissions
were observed for the phosphate T1Zn(POs); by varying
both the excitation energy and the temperature and the
whole properties were related to the stereo-activity of
the T1" 65> lone pair [6].

In oxide glasses a unique band emission is usually
observed whatever the base glass composition and is
generally assigned to the *P; — 'S, transition [7,8]. In
the case of the Na,O-P,0O5 glass system, the excitation
and emission bands undergo a red shift with increasing
Na,O concentration [9]. This effect, in accordance with
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the optical basicity concept, was explained in terms of
change of the bonding between the T1" ions and the
oxygen atoms of the sites they occupy.

The present investigation examines the relationships
between the crystal structure and the luminescent
properties of the phases appearing in the system
K,_,T1,Zn(POs3);. The properties of glasses with same
composition will be also described. The data will be
discussed using a solid-state chemistry approach with
the object of tentatively involving and reconciling all the
previous results.

2. Experimental

The crystallized phosphates K;_,T1,Zn(POs);3
(0<x<1) were prepared by heating pellets of stoechio-
metric mixtures of finely ground starting materials
corresponding to the reaction:

1—
/2T1hCOs + ZnO + . . ) K,COs + 3(NH,),HPO,

—-K_,T1,Zn(PO;), + 6NH; + %COz + gHzO.

The mixtures were heated during 15h at 200°C and
250°C. For the rich potassium compounds, the reagents
were continuously heated at 320°C for 24 h. In this range
of compositions (x<0.2) there exist two allotropic
forms. The high temperature form is obtained through
a heat treatment at 550°C followed by a quenching of
the samples at room temperature. The final thermal
treatment of the rich thallium compounds is carried out
at 500°C for 12h. All the samples are white.

Glasses were made by melting mixtures of
K, _,T1,Zn(PO3); compositions at 900°C for 4h. The
melts were poured onto a brass block heated at 280°C
and annealed at this temperature for 15h. The glass
transition temperatures decrease from 352°C (x = 0) to
296°C (x=1). The samples used for spectroscopic
investigation were carefully polished to produce disks
of I mm thickness with parallel faces. The evolution of
the density as a function of the thallium concentration
are given in Table 1. The densities were obtained by
immersing the samples in calibrated diethyl orthophta-
late.

The crystalline samples were checked by X-ray
diffraction analysis. Absorption spectra were obtained
using a Shimadzu UV-301 spectrophotometer and
excitation/emission spectra using a Spex FL212 spectro-

Table 1
Variation of the densities vs thallium concentration

X 0 03 06 08 1.00

2.68 294 340 3.72 391
1.22 279 3.78 4.64

Density +0.03
Thallium concentration 10*'ions/cm® 0

fluorophotometer. The IR spectra were recorded using a
Nicolet 6X spectrometer in the 400-1400cm ™' region.

3. Structure of the crystalline phases appearing in the
K;-T1,Zn(PO;), system

The structures of the involved phases of the
K;_, T,Zn(POs); system were previously described
[6,10]. Two allotropic forms are found in the range of
composition 0<x<0.2. For 0.6<x<1 the phase
belongs to the TIZn(PO;3); structure type. In the
intermediate range of composition is observed a mixture
of the limiting phases corresponding to x = 0.2 and 0.6.

The structure of the low temperature form (LTF) of
KZn(POs); is characterized by long phosphate chains
running along the ¢ direction whereas in the high
temperature form (HTF) the basic phosphorus oxygen
structure unit is a [P30y] ring anions consisting of three
[PO4] tetrahedra sharing two corners with the two
others. In the two phosphate frameworks the zinc and
the potassium are located, respectively, in octahedral
and anti-prismatic sites. For the low temperature form
the anti-prismatic and octahedral sites share faces,
giving rise to infinite chains along the ¢ direction with
a 1-1 potassium zinc ordering. The cationic ordering of
the high temperature form can be described by (a,b)
planes of edge-sharing [ZnOg] octahedra and [KOg] anti-
prisms (Fig. 1). The relevant shortest inter-atomic
distances are given in Table 2. Assuming a substitution
of thallium for potassium as x increases, the T1" ions
can be considered as isolated in both phases.

The structure of the rich thallium solid solution have
been studied for the compound T1Zn(PO3);3 [10]. In this
polyphosphate the TI* ions are located in tunnels
created by the Zinc polyphosphate network [Zn(PO3)3].
The thallium atoms are found in a unique crystal-
lographic site with a disymmetric configuration and the
coordination number by oxygens determined by bond
calculation is 6 (Fig. 2). The three TI-O distances are

Fig. 1. Connection between the [ZnOg] and [KOg] polyhedra in
HTF-KZn(PO3);.
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included between 2.736 and 3.278 A. Such large
distances induce a low stereo-chemical activity of the
6s” lone pair. The effect of the stereoactivity of the 6s?
lone pair leads to the formation of [Zn,T1O¢] corrugated
chains along the & axis. The shortest TI-TI distance is
5.14 A. Therefore, the T1" as luminescent center can be
considered as isolated from each other.

4. Structural investigation of the glasses by infrared
spectroscopy

The absorption threshold of the glass of composition
KZn(PO3); was found at 220nm which is typical of
oxygen—phosphorus charge transfer [11].

The infrared spectra of powder samples of the both
forms of KZn(POs); have been compared with the
spectra of glasses of composition x = 0, 0.5 and 1. The
assignments of all observed bands are given in Table 3,
in agreement with the data of Rulmont et al. [12] and

Table 2
Relevant inter-atomic distances for the two forms of KZn(POs); [6,10]

Distances(A) LTF-KZn(PO3)3 HTF-KZn(POs3)3
Zn-0O 2.043 x 6 ~2.120x 6
K-O 2.855x6 ~2.750 x 6
n-nK-Zn* 3.483x2 ~3.813x3
n-n K-K* 6.303 x 2 ~4.886 x 2

n-n stands for nearest neighbors.

Fig. 2. Thallium environment in the structure of T1Zn(POs3);.

Martin [13]. According to these authors, whatever the
“chain” or ‘ring” arrangement of [PO,4] groups in
polyphosphates, strong IR bands are found around
1300-1250cm ™" (v4s PO,) and around 1200-1050 cm ™'
(vs PO,). Moreover, the chain structures are typically
characterized by a broad band around 900 cm ™' whereas
small rings exhibit specifically a very narrow band of
strong intensity between 780 and 765cm~'. Here the v,
P-O-P vibration is found at 775cm™' for the HTF
KZn(POs3); which contains the small P;Og rings. Thus
exists a good agreement between the structures of the
crystalline phases and their IR spectra. Accordingly
the observed bands of the glass compounds are typical
of the association of the [POy4] groups with chain
structures.

5. Luminescent properties
5.1. Crystalline phases

Similar luminescent properties were observed for the
two phases of the 0 <x<0.2 composition range. The
phosphates exhibit three emissions with maxima ob-
served, respectively, at 270nm (&), 330nm (A7) and
395nm (Ay, LTF) or 410nm (4y HTF) (Fig. 3). As the
excitation wavelength increases from 230 to 260 nm, the
intensity of o decreases whereas the intensities of A7 and
Ay increase. The excitation band of o exhibits a
maximum at 230nm. The excitation bands of Ar and
Ay exhibit, respectively, a maximum at 240 and 250 nm.
The overlapping between the (x) emission and the
excitation band of Ay and Ay allows an efficient energy
transfer from o to A7 and Ay (Fig. 4). An increasing TI
concentration tends to decrease weakly the o emission
intensity (Fig. 5).

The luminescent properties of the rich thallium phase
(x>=0.6) were studied in detail for the TIZn(POs);
composition. The emission and excitation spectra have
been investigated between 6 and 300 K.

Under a 250nm excitation, the emission spectrum
recorded at 6 K exhibits a broad band which can be
decomposed into two components peaking, respectively,
at 325nm (A7) and 380 nm (4y) (Fig. 6). The excitation
spectrum of the 4y emission is a broad band peaking at

Table 3

Infra-red bands of the phosphate of composition K;_T1,Zn(PO;);

Compounds assignments (cm™") LTF KZn(PO3); HTF KZn(PO3); Glass x =0 Glass x =0.5 Glass x =1
vas PO, 1250 1290 1265 1264 1262

vs PO, 1150, 1170 1120, 1050 1087 1120 1120

Vas (PfOfP)cycl 940

Vas(P~O-P)chain 870 900 902 896

Vs (P-O-P)cye 775, 645

Vs (P_O_P)chain 745, 675 742 760 766, 750

cycl. and chain labeled, respectively, the ring and chain arrangement of the PO, groups.
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Fig. 4. Overlapping between the () emission and the (A7) and (4y)
excitation for Kg 95Ty 0sZn(PO3); (HTF).

243nm whereas the excitation spectrum of the Ar
emission can be localized at about 230 nm (this range of

energy corresponds to the experimental limit of the
fluorescence detection). An additional band with low
intensity can be detected at 250nm (Fig. 7). By
increasing the temperature the A7 emission intensity
decreases whereas the Ay emission intensity increases.
Only this last emission is observed at room temperature.
At room temperature the A7 emission increases with

increasing thallium concentration.
Under a 230 nm excitation only the Ay emission is

observed whatever the temperature with a slight blue
shift of the band maximum (Fig. 8).

5.2. Glasses

In the glasses the progressive introduction of thallium
red shifted the absorption threshold by the appearance
of a strong band due to the 'Sy — 3P| transition.

Fig. 6. Excitation (Aep, = 380nm) and emission (Aexe = 250 nm) spec-

tra of TIZn(PO;); at T = 6 K.

As an example Fig. 9 exhibits the emission spectrum
of the glasses of composition Kg 95Tl ¢5Zn(PO3); under
a 230nm excitation at 7 =300K. A broad band
covering the UV-visible region is observed which can
be decomposed into three bands peaking, respectively,
at 280nm («), 310nm (47) and 360nm (Ay). By
increasing the excitation wavelength (230— 250 nm)
the () emission intensity decreases whereas the inten-
sities of A7 and Ay increase. The effect of increasing
the thallium concentration or wavelength excitation
leads to decrease the (o) intensity emission and to
increase both A7 and Ay emissions. Simultaneously
appears a new large band peaking at 430nm labeled
D which reaches its maximum for x=1 and
Aexe = 370nm  (Fig. 10). The maxima of the excit-
ation band for these emissions are observed,
respectively, at 235nm (), 250nm (A7 and Ay)
and 370nm (D). In the excitation spectrum of D is
also observed a broad maximum covering the
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Fig. 10. Emission spectra recorded under a 370nm excitation for
theK;_,T1,.Zn(POs3); (0<x<1) glasses at 300 K.

230-250 nm region which is the signature of (4r)— (D)
energy transfer.

6. Discussion
6.1. Structural properties

The structural evolution observed in the phases of the
K, _,T1,.Zn(POs3); system must be discussed with respect
to the thallium environment. For the crystalline phases
related to the low and high temperature forms of
KZn(PO3);, the Tl is assumed to be located in the
potassium site i.e., in the corresponding antiprismatic
(K-0=2.85A) and distorted octahedral (K-O=2.75A)
sites. As previously mentioned the K(TI) ions can be
considered as isolated from each other in both structure
types as a result of the cationic distribution. Therefore,
the luminescence can be attributed to isolated TI*
center in distorted octahedral coordination.

In the structure of T1Zn(POs); the thallium are also
isolated from each other. On the other hand, they are
located in strongly irregular site, typical of lone pair
ions, in a wide cavity limited by 15 oxygens. Bond
valence calculations are in agreement with a reduced
coordination polyhedron defined by the six oxygen
atoms of the two ZnOg nearest-neighbor octahedra but
with TI-O distances ranging from 2.736 to 3.278 A.
Apparently, such structural features make the TI*
luminescent center different from the previous ones.

A tentative investigation of the Tl environment in
glasses by X-ray absorption spectroscopy failed and the
luminescent properties will be discussed by comparison
with that of the crystalline phases.

6.2. Luminescent properties
6.2.1. Theoretical introduction

The T1" luminescence involves 65 <> 6s6p transitions.
The 65 electronic configuration is responsible for the
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Table 4

Comparison between the luminescent properties of Tl-doped potassium halogenides and of the investigated crystallized phosphates
Compound ey (7'=300K) a'P Ar 3P, Ay 3P Ref.

KF:Tl 224 exc. in (C) 289 exc. in (A4) [2,3] and references herein

KCILTI 247 exc. in (C)
KBr:Tl
KIL:TI 272 exc. in (C)

BCas(PO,):TIT

KZn(POs);:TI LTF phosphate chains
K-0=2.85A K-Zn =3.82A x2
KZn(POs;);:T1 HTF phosphate cycles
K-0~2,75A K-Zn=3.48A x 3
T1Zn(POs); phosphate chains
2.73<THO<3.27A

270 Aexe 230

270 Aexe. 230

297 exc. in (A4)
308 exc. in (A4)
335 exc. in (4)
310 Jexc 243
340 Jexe 260

340 Jexe. 260

335 Jexe- 250

]
297 exc. in (A4) [2,3] and references herein
354 exc. in (A4) [2,3] and references herein
429 exc. in (A4) [2,3] and references herein
336 Aexc- 243 [5]

395 Aexe. 260 This work

410 Aexe- 260 [6]
380 observed only

at low temperatures
Jexe: 250

Only isolated emitting centers are considered.

ISy ground state whereas the first 6s6p excited states are
successively Py, *P;, P, and 'P; with increasing
energy. TI" luminescence was first investigated in TI-
doped alkali halides which can be considered as model
systems [2]. The main problem results from the existence
of a double luminescence emission which can be
observed as some of these phosphors are excited in
the (4) ['41,—>T1,] absorption band. Actually, it was
admitted that Jahn-Teller effect (JTE) causes the
splitting of the T states and corresponding adiabatic
potential energy surfaces (APES) can be calculated by
varying the parameters governing the system, mainly the
spin—orbit interaction as compared with the electron—
phonon interaction (JTE). Such calculations were first
carried out in the framework of the Russel-Saunders
coupling followed by a more general approach involving
intermediate coupling [2,4]. Within this context two
kinds of minimum—related to the appearance of
tetragonal or rhombic distortion—were predicted. They
can coexist in a wide range of parameter values and are
considered at the origin of the double luminescence. The
following discussion will take into account such
theoretical background which allows the attribution of
the excitation and emission bands.

6.2.2. Crystallized phosphates

Table 4 compares the location of the emission bands
of the Tl-doped potassium halides and of the industrial
phosphor fCa;(PO,4),—T1 with those of the investigated
crystalline phosphates.

The high-energy emission observed for x<0.2 corre-
sponds to the 'P; — 1S, transition on the TI". The two
lower energy emissions can be considered as originating
from the two minima on the adiabatic potential energy
surface (APES) of the 3P excited state relaxed by the
Jahn—Teller effect. In the potassium halides, the red shift
of the emission bands when going from one ligand
environment to the other in the sequence of F~, Cl,
Br™, I" ligands is typical of the nephelauxetic effect. It
corresponds to a correlative decrease of the sp

frequency. In contrast, due to the strong covalent
character of the P-O bond, the TI-O bond can be
considered as ionic in agreement with the rather large
TI-O distance observed for instance in T1Zn(PO3);. For
comparison the two TI-O distoances found in TL,O are,
respectively, 2.52 and 2.54 A [14]. The phosphates
structures are less closely packed than that of the
potassium halides and this decreasing stiffness will result
in an increase of the Stokes shift. As previously
mentioned for the compounds with x<0.2 the TI" sites
can be considered as distorted octahedra i.e., almost
identical with the site of sodium chloride type com-
pounds which is not true for TIZn(PO;); where the
Thallium environment involves oxygens with a large
distribution of the TI-O distances.

In Tl-doped potassium halides and related com-
pounds, the A7 emission is first observed at low
temperature with a small percentage of the Ay emission.
As the temperature increases, the 47 emission decreases
whereas the Ay emission increases in proportion
depending on the considered compounds. In the
phosphates with low thallium content (x<0.2) both
emissions are observed at room temperature. In the case
of T1Zn(PO3); which has been investigated in detail the
thermal evolution of the A7 and A4 emission intensities
are exactly opposite to the behavior observed in
potassium halides. The low value of the thermal
quenching temperature for Ay is the signature of a
large Stokes shift. In these conditions, hypothetical
configuration curves for the 'Sy, 3Py and ' P; levels can
account for the experimental data (Fig. 11). At low
temperature, a 250nm excitation populates preferen-
tially X and also 7" minima whereas a 235 nm excitation
populates only 7' trough the G crossing point connecting
the !P; and the 3P, curves. In the former case as the
temperature is raised, 7" is populated at the expense of
X. In the second case only T is populated whatever the
temperature.

Finally, the concentration quenching of the (o)
emission can be explained by two mechanisms: either a
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Fig. 11. Hypothetical configuration curves of the thallium 'Sy, Py,

and 'P; levels. The T and X minima stand for the respective origins
of the A7 and Ay emissions.

shift of the ! P; configuration curve allowing the crossing
G point (Fig. 11) to be at energy below that of the F
point or an energy transfer between two Tl ions which
can be deduced by the overlapping between the (o)
emission band and the Ay, A7 excitation bands (Fig. 7).
This later mechanism would lead to a non-radiative
filling of 3P; level at the expense of the 'P; level
according to the scheme 'P;—1S,/'Sy—3P;.

6.2.3. Glassy phosphates

Table 5 summarizes the luminescent properties of the
glasses as a function of the thallium concentration at
300K. The high-energy excitation and emission
(Aexe ®230nm, Aep &270nm) correspond to the transi-
tion 1Sy« 1 P, and the excitation and emission at lower
energy (Aexc &250nm, Jen~310 and 360nm) results
from the 'Sy <> 3P| transitions, the 4y and A7 emissions
being related to the Jahn-Teller relaxation. Such
assignments are in complete agreement with the data
of the crystalline phosphates. No significant variation
of spectroscopic properties is detected as the thallium
concentration increases since the former glass network is
typical of phosphate chains in all range of compositions.
The unique difference between the luminescent proper-
ties of the crystals and of the glasses is the appearance of
low-energy  emission  and  excitation  bands
(Aexc &350 nm; Aey & 470 nm) associated with the forma-
tion of TI" pairs. Such associations are excluded in
crystals due to the 1-1 TI"=Zn** ordering induced by
the size difference between these two ions.

In a previous paper Duffy et al. [9] apply the
ultraviolet fluorescence spectroscopy to investigate the
glass basicity using TI" and Pb*>" as probe ions. In
the spectral data collected for the Na,O-P,Os glass
system, the measured energy excitation of the Thallium
luminescence was found approximately constant

Table 5
Luminescent properties of the K;_,T1.Zn(PO;); glasses for the
isolated emitting center

Glass composition K,_, T, Zn(PO3);  « P, A7 3P, Ay 3P,
X =0.05, Zexe = 230nm 277 312 357
X =0.5, Aexe = 230m 312 357
X =1, Zexe = 230nm 312 367

Table 6
Spectral data for the Tl-doped Na,O-P,05 glass system according to
Duffy et al. (9)

Na,O-P,05 Aem (NM) Aexe (NM) Stokes shift
glasses [9] (em™)
20% Na,O 283 225 9200
30% Na,O 283 224 9400
40% Na,O 284 225 9300
50% Na,O 298 226 10,800
62% Na,O 349 230 14,800

between 44,500 and 43,400cm™' (1 =225-230nm)
(Table 6). According to the result of this investigation
the attribution of this excitation to the 'Sy—3P;
transition seems questionable as well as the interpreta-
tion of the emission spectra. Actually, in these systems
the energy difference between the 'P; and 3P levels is
small. On the other hand, the luminescent centers are
distributed in multi-sites. Both factors make difficult the
interpretation of the data and in this context the
comparison with the properties of crystalline materials
can be useful.

In conclusion the luminescent properties of the
thallium zinc phosphates—crystals or glasses—are quite
similar and can be described in the context of the model
proposed for the Tl-doped alkali halides. The large TI-O
distances observed in the phosphates weakens the effect
of the crystal field which is also in agreement with the
weak chemical effect of the 6s® lone pairs.

7. Conclusion

The crystallographic and optical investigations con-
tribute to clarify significantly the T1" photolumines-
cence in phosphate materials—crystalline and glassy
forms—which was still an unexplored area. The
relationship between the local environment of Thallium
ion and its luminescence properties is established on the
basis of the Fukuda’s theory. Basically, TI* ion, when
isolated in its six-fold oxygenated site, gives rise to three
ultra-violet luminescences (o, Ay, A7) both in crystalline
and glassy phosphates. («) Emission is attributed to
P, —18, electronic transitions while (4y) and (A7)
bands are ascribed to 3P, —'S, transitions according
to a partial splitting of 3P; emitting level enhanced
by Jahn—Teller effect. The (D) visible luminescence,
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detected uniquely in glassy forms, is assigned to TI*
pairs formation. The presence of such thallium—pair
emission in the glassy form of the investigated phos-
phates suggests that the thallium—zinc ordering ob-
served in the crystals is not entirely preserved in glasses.
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