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Synthesis and characterization of zinc phosphates doped
with samarium and manganese
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Samarium and manganese doped zinc phosphate compositions were prepared by high-temperature ceramic syn-
thesis where ZnO, NH,H,PO, and Sm,0O, (or MnO) of pre-determined ratios were powdered, mixed and placed in
alumina crucibles. The synthesis was performed at 950 °C for 3 hours in a muffle furnace. Samples were quenched
out of the melt to room temperatures and after that annealed at 250 °C for 2 hours. Sm,O, and MnO doping varied
between 0.03 and 0.28 mol percentage.

Using powder X-ray diffraction, we have found that the observed fundamental crystalline phase is iso-structural
with a-Zn,P,0,, where samarium and manganese ions most probably substitute for Zn*". This is supported by the
obtained photoluminescence spectra. The lattice parameters obtained from the Le Bail calculations for the doped zinc
phosphate crystalline phase are very similar to the lattice parameters of 0-Zn,P,0,. Deviation of lattice parameters is

associated with different ionic radius of dopant Sm** and Mn?".
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INTRODUCTION

Recently there has been significant interest in
materials based on phosphates (P,O;), doped with
rare earths and others elements (such as transition
elements) due to their unique optical and electri-
cal properties and related photo-, electro-, lumi-
nescent effects and others. These materials have
potential applications in advanced devices such as
laser sources, sensors, photodiodes, X-ray imaging
plates, anti-counterfeit printing additives etc.

These compositions, stoichiometric or alloys,
have been synthesized by different methods — sin-
tering, melting, sol — gel and others. They may have
polycrystalline, amorphous or amorphous-crystal-
line mixed phase composition. The amorphous state
provides technological and functional advantage in
many cases. Attention is directed to changing their
optical, mechanical and thermal properties for dif-
ferent ratio of ZnO and P,O, and different contents
of doped elements [1-4].

Our research on samarium and manganese
doped zinc phosphates has demonstrated that UV
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and X-ray exited photo-luminescence in the visible
spectra and glass ceramics materials are formed in
the ZnO — rich compositions. We believe the strong
photoluminescence is due to the stabilisation of sa-
marium and manganese ions within both the glass
matrix and within the crystalline phases dispersed
into these scintillating materials. It is of particu-
lar interest to investigate crystalline phases in this
glassy matrix and to study their structures, in order
to understand their relationship with the photo-lu-
minescence properties.

In our work we present synthesis and characteri-
sation studies of samarium and manganese doped
ZnO-rich zinc phosphate material of composition
WM — (72-y)ZnO — 28P,0, where: M = Sm,0O, or
MnO, y varied between 0.03 and 0.28 mol%. We
examine the difference between the two dopant
structures, and we correlate them to the observed
photo-luminescence properties.

EXPERIMENTAL
Sample preparation

All samples were prepared by high-temperature
ceramic methods using NH,H,PO,, ZnO and Sm,0,
(or MnO) as starting materials. The reagents were
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thoroughly mixed, placed in alumina crucibles and
heated at 950 °C for 3 hours in a muffle furnace.
The obtained homogeneous melts were then poured
onto a graphite plate and annealed at 250 °C for two
hours. The obtained materials are easily reproduc-
ible. Synthesis of the doped zinc phosphate samples
(samarium or manganese) is schematically present-
ed on Fig. 1. Sm,0, or MnO doping varied between
0.03 and 0.28 mol percentage.

Density measurements

Density measurements were carried out accord-
ing to the Archimedes method using deionised wa-
ter of density 1g/cm? as an immersion liquid.

Photoluminescence measurements

The photoluminescence spectra were measured
by optical CCD Aventes spectrometer Ave-Spec
2048, operating at 25 MW in the range 250—1100 nm
at room temperature. Two light sources were used:
405 nm laser diode and 365 nm light emitting diode.

Powder X-ray diffraction analysis

Powder X-ray diffraction data were collected
on TUR M62 diffractometer operating with a Cu
Ko radiation source (A = 0.15405 nm), in steps of
0.04° over the range of 10-60° 20, with a time per
step of 2.8 sec.

Modelling of the powder X-ray diffraction pat-
terns was carried out using Powder Cell software
[5]. The Le Bail method [6] implemented within the
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glass
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General Structure Analysis Software (GSAS) [7]
was used to extract structure factors and refine the
cell parameters. The Le Bail refinements were car-
ried out based on the reported crystal structure of
a-Zn,P,0, 8, 9, 10].

RESULTS AND DISCUSSION

Lists of the samples and the data obtained from
density measurements of the same are presented in
Table 1 and Table 2. There are some variations in
the density as a function of Sm,0O, or MnO doping.
This may be related to the changes in atomic masses,
ionic size, cross-linking densities and occupied posi-
tions of the constituent dopant elements in glass-ce-
ramics [11]. A somewhat similar trend was observed
by Eraiah et al. [1] who found that the density of
samarium doped zinc phosphate glasses reached
a minimum at Sm,O, doping level of 0.03 mol %.
This trend is explained by the fact that Sm,O, acts as

Table 1. List of samarium doped zinc phosphate
samples

Composition

No Density (p),

- szo3, ZHO, PZOS’ g/cm3
mol % mol % mol %

1 0.03 72.28 27.69 4.60

2 0.09 72.17 27.74 4.46

3 0.14 72.06 27.80 4.26

4 0.28 71.79 27.93 4.74

950°C

—

porcelain spoon
reaction mixture
Melting
250°C

< porcelamn spoon

1 ——

sample

Annealing

Fig. 1. Preparation of the samarium and manganese doped zinc phosphate samples
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Table 2. List of manganese doped zinc phosphate
samples

% Composition Density (p).

= MnO, Zn0O, P,0,, g/cm’?
mol % mol % mol %

5 0.03 72.28 27.69 3.95

6 0.09 72.17 27.74 3.89

7 0.14 72.06 27.80 3.68

8 0.17 72.01 27.82 3.25

9 0.23 71.90 27.87 3.68

10 0.28 71.79 27.93 3.76

a glass modifier that increases the fraction of non-
bridging oxygen atoms and leads to increased poros-
ity and reduced density of the glass.

The densities of the samples in our work are
higher than the densities reported for samarium
doped zinc phosphate glasses by Eraiah et al. [1].
This could be expected, given the higher molar frac-
tion of ZnO in our material (70%), compared to the

Intensity, a.u..

Intensity, a.u..

Fig. 3. Powder X-ray diffraction patterns
for samarium (Fig. 3a) and manganese
(Fig. 3b) doped zinc phosphate samples:
No1 (0.03 mol% Sm,0,), No2 (0.09 mol%
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Fig. 2. Photoluminescence spectra of samples 1-4 at ex-
citation wavelength 405 nm

glasses studied by Eraiah ef al. [1] where the molar
fraction of ZnO was 60%.

All synthesized materials display photolumi-
nescence. Representative emission spectra for
samples 1-4 are illustrated in Figure 2 and reveal
four emission bands in the wavelength range be-
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tween 450 and 750 nm, namely 564 nm, 600 nm,
645 nm and 710 nm. The band at 600 nm which
corresponds to orange emission is the most in-
tense. As shown in Figure 2, the emission bands
can be assigned to the 4/~4f transitions from the
excited *G,, level to the ground state °H;, and
higher levels °H; (J > 5/2) of the trivalent Sm*
ions which have 4f° configuration. The spectra in-
dicate that the luminescence reddish colour of UV
irradiated (LED 365 and 405 nm) Zn-phosphate
materials are due to Sm*" ions only (no Sm?" ions
present) [12, 13].

Powder X-ray diffraction was used to iden-
tify the crystalline phases present in the obtained
samples. The X-ray diffraction patterns, pre-
sented in Figure 3, confirm that all samples con-
tain one or more crystalline phases. However,
the poorly defined peak shapes and the presence
of a high background, which is attributable to
an amorphous phase, indicate the formation of
mixed amorphous-crystalline (glass ceramic
like) material.

Inspection ofthe powder patterns using Powder
Cell software shows that the observed crystalline
phases are iso-structural with a-Zn,P,0, 8,9, 10],
illustrated in Figure 4, where samarium and man-

ganese ions most likely substitute for Zn**. The
material crystallises with monoclinic symmetry
in space group 12/c with unit cell parameters a =
20.068(15) A, b=28.259(6) A, c=9.099(8) A, p=
106.35(5)°. Some of Zn?" sites in the structure are
5-coordinated and others are 6-coordinated. The
structure is composed of layers of PO, tetrahedra
alternating with layers of Zn atoms. The sugges-
tion that the Sm and Mn dopant ions substitute
for the Zn sites in the structure is in agreement
with the observed photo-luminescence spectra
that confirm that all samarium ions are present in
3*-valence state, as shown in Figure 2.

In order to further investigate the crystalline
phase that was present in all samples, the Le Bail
method was used to compare the calculated pow-
der X-ray diffraction pattern of a-Zn,P,0, against
the experimental pattern of sample 2 and sample 8.
The resulting fit is shown in Figure 5 and the lat-
tice parameters obtained from the Le Bail calcu-
lations for sample 2 and sample 8 are listed in
Table 3. It is evident that they are very similar
to the lattice parameters of a-Zn,P,0, but slightly
increased because of the Sm** and Mn?" doping.
Deviation of lattice parameters is associated with
different ionic radius of Sm** and Mn*".

) ____n =
' -
2 K

4

Fig. 4. Crystal structure of 0-Zn,P,0, according to Robertson et a/ [8]
The picture shows the content of a single unit cell. The phosphorous atoms are shown by small circles that are located
inside corner-sharing PO, tetrahedra, shown in grey. The zinc atoms, presented by light grey circles, occupy two dif-

ferent cites in the structure
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Fig. 5. Le Bail calculations
for sample 2 and sample 8
Grey crosses show the ob-
served data points, solid grey
line represents the calculated
diffraction pattern and dif-
ference profile is shown
at the bottom of the plot.
Black vertical marks repre-
sent the calculated reflection
positions
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Table 3. Lattice parameters for the crystalline phase in samples 2 and 8

Lattice parameters of
Sm** doped Zn,P,0, (sample 2)

Lattice parameters of
a-Zn,P,0, from reference [4]

Lattice parameters of
Mn** doped Zn,P,0, (sample 6)

space group 12/c
a=20.0712) A
b=28.261(9) A
c=9.1012) A
B=106.42(1)°

=1447.3(3) A3

space group 12/c space group 12/c
a=20.126(3) A a=120.068(15) A
b=28.328(2) A b=28.259(6) A
c=9.0152) A ¢=9.099(8) A
B=106.07(1)° B =106.35(5)°

V =1451.8(3) A3 V=1447.1 A3
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CONCLUSIONS

In our work, we present synthesis and charac-
terisation studies of samarium and manganese doped
zinc phosphate materials, we examine the difference
between the two doped structures, and we correlate
them to the observed photo-luminescence properties.

X-ray diffraction studies of the crystalline phases
shows that they are iso-structural with o-Zn,P,O,,
where samarium and manganese ions most likely sub-
stitute for Zn**. The lattice parameters obtained from
the Le Bail calculations for doped zinc phosphate
materials are very similar to the lattice parameters of
a-Zn,P,0,. Deviation of lattice parameters is associ-
ated with different ionic radius of Sm** and Mn*".
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CHUHTE3 1 XAPAKTEPUCTHUKA HA IIUHKOBU ®OCDATH,
JOTUPAHU CbC CAMAPUN 1 MAHI'"AH

I'. U. Iatponos!, U. I1. Kocrosa', 3. . Croesa2, [I. T. Tonues'?
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4000 I1noeous, bvaeapus
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IMoctenuna Ha 15 despyapu, 2012 r.; npuera Ha 6 anpui, 2012 r.

(Pesrome)

JloTupanuTe chC camMapuii 1 MaHTaH UHK (ochaTHH KOMIIO3HUIIUH ca MOTYyYeHN Ype3 BUCOKOTEMIIepaTypeH CHH-
te3 o1 ZnO, NH,H,PO, u Sm,0O, (nin MnO) B onipesiesieHO CbOTHOLIEHUE. I3X0HUTE peareHTH ca CTPUTH, CMECEHU
1 CMeCTa € [ocTaBeHa B KepaMudeH Turesl. CHHTE3bT € U3BbpIICH pu Temieparypa ot 950 °C 3a 3 vaca B MmydenHa
nient. [Ipobute ca oxiaaeHu 0 cTaiiHa TeMIeparypa u ciea ToBa temmnepupanu npu 250 °C 3a 2 gaca. Jlotupanero

chbC camapuii u MaHraH Bapupa Mexay 0,03 u 0,28 mol%.

W3BBpIIeH € peHTIeHOCTPYKTYPEH aHaIN3, KOWTO MOKa3Ba ue MOoTydeHaTa OCHOBHA KpUCTaIHa (a3za € H30CTPYK-
TypHa ¢ 0-Zn,P,0,, B KOATO caMapHeBHTE 1 MaHTaHOBH HOHHU Hal-BEpPOSITHO 3aMeCTBAT 4yacTuuHo Zn*". ToBa ce 1mo-
TBBPKAABA OT MOIyYeHUTE (DOTOTYMHHECIICHTHHU CIeKTpH. ONpeaeieHUTe B pe3yaTaT Ha H3UUCIUTEIHUS METOI Ha
Le Bail napamerpu Ha KpuCTajaHaTa pelIeTKa Ha JOTHpaHaTa MUHK (ocdaTHa KprucTaiHa (a3a ca MHOTO OJIM3KH 10
Te3u Ha 0-Zn,P,0,. Ta3u paznuka B mapaMeTpuTe Ha KPUCTAJIHATA PELIETKa Ce CBBbP3Ba C Pa3INYHUs HOHEH paanyc

Ha JoTHpanmre Honu Sm3" u Mn?',
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