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Growth procedure, crystal structure, and luminescent properties of tetragonal 3-Gd,Si;07:0.5at.% Ce
(a=6.65740(10)A, c=24.2715(3) A, sp.gr. P43) are studied. Tetragonal modification of this compound is
obtained for the first time. Essentially it is isostructural to 3-Sm,Si, 07 and some other known disilicates
(Ca, La, Ce, Pr, Nd). Obtained samples demonstrate high luminescence yield under X-rays and fast decay.
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1. Introduction

Radiation monitoring, high-energy physics, medical diagnostics
devices, well logging, etc. are the basic domains of scintillation
materials application. At present, rare earth silicates RE;SiOs and
aluminates RE3Al504,, REAIO; (RE=Y, Gd, Lu) activated with Ce3*
or Pr3* are widely applied in many fields [1]. Search for new materi-
als with improved scintillation characteristics is of big importance.
Cerium-doped lutetium scandium orthoborate (Lu;_xScx)BO3 [2],
gadolinium silicate Gdg 33(Si04)s05 (GSAP:Ce) [3], Ce, Na-codoped
lutetium silicate Lu;SiOs [4] are the recent examples of new scin-
tillation materials based on complex oxides. Ce-doped rare earth
pyrosilicates (disilicates) RE;Si; O; are among the most promising
new scintillators. They possess lower crystallization temperatures
and lower cost of starting components in comparison to those for
oxyorthosilicates. Pyrosilicates demonstrate attractive scintillation
characteristics at monitoring of y-radiation [5,6] and thermal neu-
trons [7], in particular, outstanding light yield stability at elevated
temperatures. Recently, growth procedure, and scintillation and
luminescence characteristics of Ce-doped Gd,Si, 07 (GPS) [8] and
Y25i207 [9], Pr3+—d0ped Ll.lei207 (LPS) []O.]]] and Gd251207 []2],
and Eu-doped Y,Si» 07 and La,Si, 07 [13] were reported.

Rare earth pyrosilicates demonstrate big variety of crystalline
structures depending on rare earth cation radius and conditions of
obtaining. Hence, process of GPS:Ce crystal growth, as well as other
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pyrosilicates with RE cation size more than 0,87 A, is complicated
because of incongruent melting of RE;03-SiO, compositions with
molecular ratio 1:2. In accordance with the phase diagram (Fig. 1),
with the cooling of the melt, 2Gd; 03-3Si0, crystals precipitate from
the melt when the temperature reaches the liquidus curve for the
initial composition Gd;03-2Si0,. There are two known methods to
overcome this problem. The first one was demonstrated in[8,15,16]
where GPS:Ce or GPS:Pr single crystals were obtained by the Float-
ing Zone and Czochralski methods from stoichiometric melt with
heavy (up to 25 at.%) Ce3* and Pr3* doping, correspondingly. It was
assumed [15] that the heavy doping changes phase diagram and
enables direct crystallization of single crystalline samples from
the melt. Depending on Ce concentration, orthorhombic, triclinic,
and monoclinic modifications of Gd,Si; O7:Ce can be obtained [16].
However, high Ce concentration in this method evidently should
lead to concentration quenching and drop of light yield. The second
approach is to crystallize GPS, or mixed pyrosilicate (LaGPS) from
melt-solution with the self-flux of SiO, (silicon oxide concentration
71-73.6 mol.%) [17,18]. This method allows one to grow crystals
with low Ce concentrations and higher luminescence intensities
[19]. The one of the highest luminescence yields in comparison
with other structures (orthorhombic, triclinic) was demonstrated
on tetragonal mixed pyrosilicate GdyyLay_»4Si»07:Ce [19]. There-
fore, search for other compositions with this type of structure
is a topic of scientific and practical interest. This work describes
the growth procedure and characterization of Ce-doped tetrag-
onal gadolinium pyrosilicate ([3-Gd,;Si;O7) without La addition.
This crystalline structure has never been observed before with
GPS:Ce.
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Fig. 1. Fragment of the Gd,03-SiO, phase diagram taken from [14].

2. Experimental
2.1. Obtaining of crystalline samples

Raw material for crystal growth was prepared by solid-phase synthesis. The
starting components were gadolinium oxide Gd;03 (4 N), silicon oxide SiO; (5N),
cerium oxide CeO, (4N) (Stanford Materials). They were mixed in composition
according to the molar ratio 26.5Gd;03:0.5Ce0,:73Si0,, that is, the composition
corresponded to the near-peritectic concentration (see Fig. 1). Mixing was carried
out in a rod mill made of acrylic plastic. Starting materials were calcined at 600°C
to remove absorbed moisture and CO,, then, they were heated up to 1700°C to
synthesize the pyrosilicate phase by the analogy with [20].

Gadolinium pyrosilicate crystals were obtained by melting of around 100 g of the
raw material in Ir crucible with the diameter 35 mm and height 12 mm and its con-
secutive crystallization on iridium wire. The crucible was placed in Ar atmosphere
(pressure around 10° Pa) in RF-heating furnace. The powder was completely melted
at temperature around 1750 °C. Construction of crystallizer provided high temper-
ature gradient (>100°/cm) above the melt. After choice of required crystallization
conditions, the wire rotating with the rate 10 rpm was pulled up from melt at the
1 mm/h rate. After cutoff from melt the crystals were cooled to room temperature
for 30 h.

2.2. Determination of crystal structure

Crystal structure of obtained crystalline samples were determined using an X-
ray automated single crystal diffractometer ((Xcalibur-3)) (Oxford Diffraction Ltd.)
equipped with ((Sapphire-3)) CCD-detector and graphite monochromator, and X-
ray automated powder diffractometer ((Siemens D500)) (CuKa radiation, curved
graphite monochromator on a counter arm, 5° <26 <120°, A26=0.02°, dwell time
of 8 s per point). Data processing was carried out using a SHELX-97 program package
[21] and FullProf-2006 program [22].

2.3. Study of luminescent characteristics

Luminescent and kinetic characteristics of the obtained crystals were measured
in comparison with orthorhombic Gd,Si;07:10at.% Ce [19]. All the ingots were
crushed and pressed under 2 x 107 Pa pressure into pellets with 2 mm thickness
and 10 mm diameter. Excitation and luminescence spectra at room temperature in
the 230-800 nm range and decay curves at photo excitation were determined with
a combined fluorescent lifetime and steady-state spectrometer FLS 920 (Edinburgh
Instruments). Xe lamp was used for steady-state measurements and nanosecond

Table 1
Crystal data and structure refinement for 3-Gd,Si»07:0.5 at.% Ce.

Empirical formula Gd; 07 Siy

M, 482.68

Temperature 293(2)K

Wavelength MoK 0.71073A

Crystal system, space group Tetragonal, P4;

Unit cell dimensions a=6.65740(10), c=24.2715(3) A

Vel 1075.74(3) A

Z, Pealc 8,5.961 Mg/m?
(MoKa) 24.874mm-!

F(000) 1696

Crystal size 0.15 x 0.01 x 0.01 mm

6 range for data collection 3.06-45.72°.

Index ranges -13<h<13,-12<k<11,-48<1<48
Reflections collected/unique 23930/8842 (Rip: =0.044)
Completeness to 260 =45.00° 99.6%

Transmission Tmax/Tmin 0.7890 and 0.1180

Refinement method Full-matrix least-squares on F?
Data/parameters 8842/204

Goodness-of-fit on F? 0.974

Final R indices [I>20(I)] R1=0.0327, wR, =0.0320

R indices (all data) Ry =0.0492, wR, =0.0336
Absolute structure parameter —0.008(7)

Extinction coefficient « 0.000546(14)

A Pmax] A Prmin 2.029/-2.157 e x A3

hydrogen operated flashlamp was used for decay time measurements. X-ray lumi-
nescence was measured at excitation by X-ray tube with copper anode (braking
radiation with the 30 keV energy).

3. Results and discussion
3.1. Growth procedure and structure of f-Gd»Si»07:0.5 at.% Ce

In accordance with [14,20], tetragonal modification of dis-
ilicates exists for RE cations with radii greater than 0.947 A
(from La to Eu). The average RE cation radius of mixed tetrag-
onal gadolinium-lanthanum pyrosilicate (GdoyLa;_»4Si»O07:Ce)
obtained in [19] is the same as for Eu,Si, 07 (0.947 A), therefore,
it is situated in the specified range. As it was suggested before
[17,23], pure gadolinium pyrosilicate (cation radius of Gd3* is
0.938 A) can be obtained only in orthorhombic or triclinic modi-
fications. Small amount of cerium in Gd,Si,07:0.5 at.% Ce crystals
grown in the present work cannot significantly affect the average
RE cation radius, therefore, it is the same as for Gd3* (0.938 A).
Hence its composition is out of the known range of tetragonal
phase existence. We suggest that growth of GPS:Ce crystals of
low-temperature tetragonal modification became possible due to
high temperature gradient near the crystallization interface and
the prolonged post-growth cooling. Obtained crystals were color-
less and transparent; however, they contained a large number of
cracks owing to the seeding onto iridium wire and high thermal
gradient over the melt. The possible orthorhombic-tetragonal or
orthorhombic-triclinic-tetragonal polymorph transitions in crystal
during the cooling process also should not be excluded from the
consideration.

Main crystal data and bond lengths obtained from XRD mea-
surements are summarized in Tables 1 and 2. Thermal ellipsoids
and labeling scheme for basis atoms are shown in Fig. 2. Crystal
packing drawn with “Ball & Stick” program [24] is shown in Fig. 2.
Figs. 2 and 3 were constructed on the basis of the measured param-
eters. Rietveld refinement was carried out using the structure data
obtained in X-ray single crystal study and shows (Fig. 4) that all
lines correspond to single phase.

In this structure the unit cell contains four gadolinium atoms and
two disilicate polyhedrons as a basis (Fig. 2). Oxygen arrangement
is different for Gd atoms in the structure. Gd(1) and Gd(3) atoms
are eight coordinated, Gd(2) atom is nine coordinated, and Gd(4)
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Table 2

Selected bond lengths (A) for B-Gd,Si,07:0.5 at.% Ce and symmetry transformations used to generate equivalent atoms. Standard deviations are given in parentheses.
Gd(1)-0(6)#1 2.309(2) Gd(2)-0(4)#5 2.808(3) Si(1)-0(3) 1.594(2)
Gd(1)-0(13)#2 2.342(2) Gd(3)-0(6)#1 2.368(2) Si(1)-0(1) 1.609(2)
Gd(1)-0(7) 2.377(2) Gd(3)-0(14)#7 2.368(2) Si(1)-0(4) 1.639(2)
Gd(1)-0(12) 2.438(2) Gd(3)-0(1) 2.369(2) Si(1)-0(2) 1.642(2)
Gd(1)-0(8)#3 2.503(2) Gd(3)-0(8)#2 2.383(2) Si(2)-0(6) 1.596(2)
Gd(1)-0(3)#4 2.533(2) Gd(3)-0(9) 2.385(2) Si(2)-0(5) 1.598(2)
Gd(1)-0(2)#4 2.556(2) Gd(3)-0(2)#1 2.428(2) Si(2)-0(7) 1.600(2)
Gd(1)-0(1) 2.754(2) Gd(3)-0(11)#2 2.600(2) Si(2)-0(4) 1.667(2)
Gd(2)-0(5)#5 2.321(2) Gd(3)-0(4)#1 2.895(2) Si(3)-0(10) 1.611(2)
Gd(2)-0(10)#6 2.3795(19) Gd(4)-0(5)#8 2.247(2) Si(3)-0(9) 1.614(2)
Gd(2)-0(7) 2.383(2) Gd(4)-0(10)#6 2.291(2) Si(3)-0(8) 1.623(2)
Gd(2)-0(12) 2.448(2) Gd(4)-0(3)#5 2.302(2) Si(3)-0(11) 1.649(2)
Gd(2)-0(9)#3 2.4748(18) Gd(4)-0(12) 2.3672(19) Si(4)-0(13) 1.585(3)
Gd(2)-0(14)#6 2.486(2) Gd(4)-0(1) 2.395(2) Si(4)-0(14) 1.628(2)
Gd(2)-0(13) 2.743(2) Gd(4)-0(9) 2.540(2) Si(4)-0(12) 1.630(2)
Gd(2)-0(8)#3 2.759(2) Gd(4)-0(2) 2.619(2) Si(4)-0(11) 1.675(2)
# Symmetry transformations used to generate equivalent atoms
#1 xy+1z #3 y—1,—xz+1/4 #5 x—1yz #7 —y+1x+1,z-1/4
#2 x+1y.z #4 y—x+1z+1/4 #6 xy—1z #8 -yxz—1/4

Fig. 2. ORTEP drawing (50% probability ellipsoids) and atom labeling scheme for

B—Gd25i20710.5 at.% Ce.

is seven coordinated. Gadolinium polyhedra form helix-like chains

along [001] direction in the unit cell. Neighbor polyhedra in the

chain are joined via common edges, and neighbor chains are sewn

via common edges with silicon tetrahedra or common vertices with

Gd polyhedra. Essentially observed 3-Gd;Si, 07:0.5 at.% Ce modifi-

cation is isostructural to 3-Sm,Si; 07 [25] and other rare earth or

calcium pyrosilicates [26] reported for larger RE3* cations to within

enantiomorph fixing (e.g. for B-Sm,Si,0; a=6.695, c=24.40A,

sp.gr. P4, [23]). Samarium pyrosilicate is considered to be a low

temperature modification, while the rest exist in certain tem-

perature ranges or formed at high pressures. It should be noted

that -Gd;Si»07:0.5at.% Ce structure stands out in compare to

orthorhombic Gd,Si,0; from the point of possible Gd substitu-

tion by other ions. Rare earth cations in this lattice have different Z

coordination numbers, while in orthorhombic a-modification the

coordination number of the two basis atoms equals 7 impeding an

isomorphic incorporation of rare earth cations with bigger ionic

radius into this structure. 3

3.2. Luminescence characteristics

Normalized X-ray luminescence spectrum of tetragonal
B-Gd;Si;07:0.5 at.% Ce is presented in Fig. 5. Spectra of orthorhom-
bic Gd,Si;07:10at.% Ce and previously grown tetragonal

Fig. 3. Polyhedral representation of 3-Gd,Si»07:0.5 at.% Ce structure. Space group-
tetragonal, P4s. Lattice parameters: a=6.65740(10)A, c=24.2715(3)A.
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B-Gdglag,Si;07:1at% Ce single crystals [19] are added for
comparison. It should be noted that emission spectra of tetrag-
onal -Gd,Si;07:Ce is wider and more intense than those for
orthorhombic modification. Integral intensity of (3-Gd,Si;07:Ce
luminescence is by 2.7 times higher than that for orthorhombic
modification and comparable with 3-Gd;glag;Si;07:1at.% Ce
crystal.

The ionic radius of Ce3* ion is bigger (1.02 A) than that for Gd3*
(0.938 A), therefore one can conclude that Ce3* ions should prefer-
ably occupy the largest 9-coordinated position (average Gd-O
distanceis 2.534 A) and, then, 8- and 7-coordinated sites with Gd-O
distances 2.477,2.475,and 2.394 A, respectively, see Table 2. Proba-
bly, the wide X-ray luminescence spectrum of 3-Gd,Si; 07:Ce is the
result of superposition of peaks corresponding to different activa-
tor centers. More deep studies of concentration and temperature
quenching of luminescence of Ce3* in different coordination are
necessary to describe so big difference in luminescence intensity
between orthorhombic and tetragonal samples. It can be attributed
both to peculiarities of tetragonal phase, and lower Ce concentra-
tion in tetragonal samples.

Photoluminescence measurements allow to distinguish emis-
sion characteristics of Ce3* centers in -Gd,Si 07:Ce (Fig. 6) though
the emission and excitation bands of Ce centers are significantly
overlap. Nevertheless, one can see four distinct excitation spectra.
A set of bands in the 240-350 nm region and narrow peaks around
272 nm are observed in the excitation spectrum of 3-Gd;Si;O7:Ce.
Narrow peaks are ascribed to transitions from ground state 8S- 12 to
the excited Glj multiplets in Gd3* ions. Wide bands obviously corre-
spond to 4f-5d transitions in Ce3*ions. The position of 4f-5d bands
significantly depends on local site symmetry, so one can conclude
that 4 types of excitation curves correspond to Ce ions occupying
four different position in the lattice Fig. 7.

Photoluminescence decay measured at the intrinsic excitation
is monoexponential with the decay time 7 =28 ns (Fig. 7). All types
of the luminescence centers in 3-Gd;Si; O7:Ce demonstrate similar
decay profiles with the same time constant. This value is character-
istic for Ce3* jons and similar to those obtained for other Ce-doped
disilicates (25-35ns) [5,6,19].

This set of characteristics demonstrates a potential for practi-
cal application of 3-Gd;Si;07:Ce. Obtaining of bulk and uncracked

1,0F
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Fig. 6. Excitation (left) and emission (right) spectra of 3-Gd,Si»07:0.5 at.% Ce.
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Fig. 7. Luminescence decay of 360 nm emission excited at 325 nm.

single crystals is still an unsolved problem. Manufacture of ceramic
samples is a possible alternative way. For example, effectiveness
of thin layers made from ground pyrosilicate crystals has been
demonstrated at detection of thermal neutrons [27].

4. Conclusions

Crystalline samples of tetragonal gadolinium pyrosilicate (3-
Gd,Si;07) are obtained for the first time. In contrast to other
pyrosilicates, in B-Gd,Si,07 Gd3* ions occupy four types of sites
with different symmetry and coordination numbers. Consequently,
in the case of RE doping, four types of emission centers can occur in
this structure. This material shows the high yield of luminescence,
nanosecond decay and, therefore, can be considered as promising
scintillator material.
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