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Phosphate compounds are used for long time storage of many radioactive substances
waste. For the first time the single crystals and glasses NaTiy(PO,) compounds doped with
rare-earth elements such as neodymium, samarium, dysprosium, praseodymium as well as
indium ions have been obtained. Luminescence properties of the single crystals were
investigated at 4.2, 77, and 300 K temperatures. It was shown that the luminescence
spectra are superposition of the wide band of the proper "red” luminescence band of the
NaTiy,(PO,); matrix emission and linear spectra caused by intrinsic transitions in f-shells
of the impurity rare-earth ions. The "red” luminescence is considered as a result of
emission of Ti%* ions spontaneously formed in the NaTiy,(PO,); matrix. Analysis of the fine
structure of the spectra shows that indium, samarium, and dysprosium impurities are
arranged into the NaTiy(PO,); matrix as the In3*, Sm3" and Dy3* ions.

Coenunenuss GocthaToB MCIOJB3YIOTCA IS MOJTOCPOUHOTO XPaHEHWsS MHOTHX paIuoak-
THUBHBIX OTX0J0B. Brepsrie mosyuensr MoHOKpucrawibl u crekna NaTiy(PO,);, mernposanssre
IpUMecaMHU PeIKO3eMeNbHBIX 9JIEMEeHTOB, TAKUX KaK HEOAUWM, caMapuil, JUCIIPO3uUil, Ipaseo-
IUM, a TaKyKe MOHAMMW WMHAWS. VcciemoBaHbl JIOMUHECIIeHTHBIE CBOMCTBA MOHOKPUCTAJIIOB
npu temieparypax 4.2, 77 u 300 K. IlokaszaHo, YTO CIHEKTPHI JIOMUHECIIEHIINN SBJISAIOTCS
CyHepIo3uIlueid MIMPOKOM TOJOCHI COOCTBEHHOW KpPacCHOW  JIIOMHUHECIIEHIIUU MAaTPUIIbI
NaTiy)(PO,); 1 1mHeHiyacTHIX CHEKTDPOB, BBI3BAHHBIX BHYTPEHHHUMHU IepexojamMu B f-060704-
Kax I[IPUMECHBIX PeJKO3eMeJbHBIX HOHOB.  KpacHas JIIOMUHECIEHIUS PacCMaTPUBAETCS
KaK pesyJbTaT IEPeXOZ0B B HOHAX TiS', KOTOpBHIE CIIOHTAHHO (POPMHUPYIOTCA B MATDHIIE
NaTiy)(PO,);. AHamus TOHKOI CTPYKTYDHI CIEKTPOB IOKAa3aJ, YTO IPUMECH HHANS, caMapud

u gucnposus Bxoaar B Marpuny NaTiy,(PO,); B Buae MOHOB In3*, Sm3*' u Dy3*.

The forms for radioactive waste confine -
ment must be stable for geologic time scales
(~10% years) and retain radioactive elements
in their matrix without going away to the
environment. Unfortunately physical and
chemical properties of the waste containing
materials are altered by internal radiation
and as a result their structure can be de-
stroyed. In order to monitor a state of the
waste forms we have started investigation
of some suitable waste host matrixes using
luminescent probes such as ions of the rare
earth elements (RE). A possibility of appli-
cation the luminescence centers formed by
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impurity ions at their non-isomorphic and in
particularly non-isocharged insertion into ma -
trix for control of its state is based on the fact
that peculiarities of the structure of such cen -
ters and electron-vibration interactions in
them are caused in general by the nearest sur -
rounding of the impurity, but not by the
structure of "ideal” zero-defect matrix.

This paper presents the preliminary re-
sults of luminescence investigation of per-
spective materials for confinement of fis-
sion products and radioactive compounds
such as phosphate compounds MTiy)(POy)s
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doped with the RE = Nd, Pr, Sm, Dy, and In
ions as well.

Interest to ions of the RE elements is
attracted by the fact that such ions are
characterized by discrete linear luminescence
spectra at various conditions. The spectra are
caused by the inner f-f transitions within f7
shell [1-3]. Possibility to choose among the
RE ions in lanthanide row the different ions
with emission spectra in a wide spectral re-
gion (from ultraviolet to infrared) make
promising usage of these impurities as a lu-
minescent probe for investigation of crystals
including the NaTiy(PO,4)3 crystals.

It must be noted that information about
arrangement of the RE ions into the
NaTiy(PO4); matrix should give a confirma-
tion of allocation of radioactive elements
ions in these matrices. Especially it may
concerns to actinide ions because their crys -
tallochemistry properties are similar with
ones of the RE ions.

Crystalline and glass samples of the
NaTiy(PO,4); sodium titanium ortophosphate
were synthesized from a melt of NayO,
P,Og, and TiO, oxides composition. Study
of the phase states of solidification prod-
ucts of the Na,O-P,05-TiO, system have
shown the NaTiy(PO,); compound is formed
within a range of mole ratio Na,O/P,05
from 1:1.3 up to 1.45:1. The optimal ratio
1.2:1 between Na,O and P,05 was found
after series of experiments. The content of
the TiO, oxide in the melt was equal to
17 mass %, the RE elements contents were
up to 1 mass % with respect to oxides. The
NaPO; and NayP,0; ("chemically pure for
analysis” qualification) salts as well as the
TiO, ("especially pure” qualification) Sm,O3,
Dy(NO3)38H50, and In,O3 (“chemically pure”
qualification) oxides were used for synthesis.

Platinum crucibles with the noted oxides
were placed into a high-temperature furnace
at the T = 1100°C and were being kept at
this temperature during 14—-17 h. Then the
melt was being cooled with a rate 5 degree
per hour up to 800°C that led to prevent
spontaneous crystallization. After finishing
the crystallization process at 800°C, the
rest of liquid phase was poured off and con -
verted into amorphous glass-like samples.
Then the crystalline samples were cooled in
the furnace up to the room temperature.
Further, they were washed from amorphous
phase firstly with dilute solutions of min-
eral acids HNO3 and H,SO,4, then with dis-
tillate water and pure alcohol. After all,
they were dried. The obtained crystalline
samples had the dimensions about
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Table 1. Coordinates of basic atoms for the
NaTi,(PO,); compound

Atom x/a y/b z/c
Na 0 0 0
Ti 0 0 0.14514(1)
P 0.71236(4) 0 0.25
o) 0.1741(1) | 0.1972(1) | 0.30735(4)
0, 0.4756(1) | 0.3059(1) | 0.25496(3)

3x5x8 mm3. The glass samples sizes was
about 10x10x10 mmS3.

X-ray diffracton phase analysis showed
that the composition of the spontaneously
formed crystals corresponds to the
NaTiy(PO,); compound. It is well-known
that the NaTiy(PO4)3 crystals are charac-
terized by the rhombohedral cell with the
parameterso a= 8.502(53) and c=
21.833(9) A (a,, =8.775 A , d,, = 57°56")
[4]. The coordinates of the lattice basic
atoms are presented in Table 1.

In the NaTiy(POy); crystalline structure
the sodium cations are located at the cen-
ters of inversion and are surrounded by
6 atoms of oxygen that forms a prolonged
octahedron: its lateral edges are enlarged
up to 3.745 A in comparison with other
ones which are equal to 2.634 A in the tops
being common with two Ti-octahedrons of
more perfect configg’ration (an average dis-
tance Ti-O = 2.002 A ). Atoms of phospho-
rus are located in the middle of the oxygen
P-tetrahedrons formed by 4 oxygen atoms.
These isolated P-tetrahedrons have usual
for the P-O and O-O boqu distances: 1.530—
1.532 and 2.461-5.527 A respectively. Vari-
ous interatomic distances for investigated
structural units in the NaTiy(PO,); crystal
lattice are presented in Table 2.

The base of the NaTiy(PO,); structure
consists of the triplets of octahedrons
(Ti—-Na-Ti) stretched along a long axis ec.
These octahedrons have a common basis.
The discrete triplets (NaTi,O4,) integrates
via the fourth empty octahedrons into an
infinite chain along the rotoflection axis of
the 37? order (it is the only one such axis in
the rhombohedral cell).There are three such
axes at heights h0, 1/3, 2/3 in an ordinary
double centered hexagonal cell. The PO, or-
thotetrahedrons are attached to the edges of
an empty octahedron. Via the others two
vertex the POy-tetrahedrons can connect
with neighboring columns. So, there are two
triplets of Ti—Na—Ti octahedrons with two
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Table 2. Interatomic distances (in ) for NaTiy(PO,); compound

Na-octahedron

Ti-octahedron

P-tetrahedron

a-0, (6) 2.289(1)
0,-0," (6) 3.745(1)
0,-0," (6) 2.634(1)

Average 0,~0,:3.190

Ti—O4 (3) 1.896(1)
Ti-0, (3) 2.107(1)
Average Ti—0:2.002
0,-04 (3) 2.749(1)
0O, (3) 2.778(1)
0O, (3) 3.115(1)
0,-0," (3) 2.634(1)
Average:2.819

P-0, (2) 1.532(1)
P-0, (2) 1.530(1)
Average P-0:1.531
0,-04 (2) 2.527(1)
0, (2) 2.522(1)
0, (2) 2.461(1)
0,-0," (2) 2.508(1)
Average:2.504

triplets of the PO,-tetrahedrons between
them in the unit’s period along c-axis. They
are connected by two triplets of double hori-
zontal axes and three vertical glide planes,
which intersect these axes. The rotoflection
axis turns the PO, triplets’ one with respect
to other for 60° that can be seen at the end
projection of this structure [4].

Luminescence spectra of the NaTiy(POy)s-
samples were obtained at 4.2, 77 and
300 K. At low temperatures (4.2 and 77 K)
the samples were placed into helium (nitro-
gen) cryostat with liquid helium (nitrogen).
The ILGI-501 laser radiation (A = 337.1 nm)
and DRSh-250 mercury lamp radiation were
used for excitation of photoluminescence
(PL). Radiation of mercury lamp was fil-
tered by a number of glass and liquid filters
that gave a possibility to separate from the
line spectrum a set of lines in the range 250—
380 nm or some lines from the same range.
The DFS-12 spectrometer was used for regis -
tration of luminescence spectra. The spectra
on Fig.1-3 are given without correction on a
spectral sensitivity of the equipment.

Estimation of decay time of PL was made
on the base of studying the kinetics of lu-
minescence decay that was registered by
photomultiplier in a time strobbing regime
with using for excitation the ILGI-501 laser
(pulse generation duration is about 8-
10 ns) [5]. The method of investigation of
kinetics of the X-ray luminescence (XL)
decay was described formerly [6].

The NaTiy(PO4); undoped crystals reveals
intensive emission at the light excitation in
a range 250-380 nm for A, (40000-
26300 cm~! for v,,). Luminescence spectra
consists of two bands: the short-wave lumi-
nescence band (LB-I) in a range 460-
700 nm with a maximum position at about
~545 nm and the long-wave luminescence
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Fig. 1. Luminescence spectra of the
NaTi,(PO,4); undoped crystals, A, = 337.1 nm.

band (LB-II) in a range 720-800 nm with a
maximum position at A, 0765 nm (Fig. 1).

The LB-II band consists of several com -
ponents while the LB-I band is practically
structureless excepting two shoulders of
small intensity which are observed in the
ranges 570-585 and 595-625 nm. The LB-II
band consists of wide unstructured compo -
nent with A, 0765 nm and two sharp peaks
at A, 0740 nm, and A, 0745 nm, and a
weak shoulder at A, 0750 nm on its short-
wave wing (Fig. 1).

One can observe some additional details like
a set of narrow lines in the PL spectra of the
samples doped with the RE-ions in addition to
considered bands and peaks of undoped crys-
tals. Number of series, their spectral location,
number of lines in the series and their position
depend on a type of the impurity.

Thus, in the photoluminescence spectra
of the samples doped with the Sm3* ions
(the NaTiy(PO4)3 (Sm) crystals) three series
of additional lines are observed in the range
520-580, 590-630, and 650-695 nm (Fig. 2).

The Dy-doped crystals reveal emission
with additional lines observed in the ranges
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Fig. 2. Luminescence spectra of the
NaTiy(PO,); crystals doped with the Sm3*
ions, A, = 337.1 nm.

of 425-500, 560-620, and 635-720 nm
(Fig. 3). The LB-II band of the NaTiy(PO,)3
(Dy) crystals like to the case of pure crys-
tals consists of wide unstructured compo -
nent with A,, (0765 nm with two sharp peaks
at A, 0741 nm and not so intensive peaks
at A, 0746 nm and at A, (750 nm on its
short-wave wing. A shoulder at 722-
730 nm was observed as well (Fig. 3).

Adding of the indium ion impurities
cause only a strong decreasing of intensity
of the LB-II band.

Increasing of temperature from 4.2 K to
room temperature causes redistribution of
intensities of spectral components. Relative
intensity of the LB-I band strongly de-
creases with increasing of temperature.
Maximum position of the LB-II band shifts
from A, (0765 nm on A, (0745 nm. No sharp
peaks were observed on the short-wave wing
of the LB-II band at room temperature. Nar -
row spectral lines of the RE doped crystals
were not observed at room temperature ether.
As to kinetics of luminescence, it is worth
to note that at first kinetics decay was reg -
istered in the integrated spectral regime:
the total luminescence emission fell into the
photo-multiplier cathode. The PL decay
curve is rather complicated: it consists of
the fast component (we could not estimate
its duration) and slow component with an
effective decay time = 5+25 ps which de-
pends on the type of impurity and tempera-
ture of the samples.

Decay time for the fast components was
estimated according to results of measuring
kinetics of the X-rays luminescence decay
because at this case an excitation of emis-
sion was effected by essentially shorter
pulses with duration about 1-2 ns. As for
the case of the PL decay, the XL decay also
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Fig. 3. Luminescence spectra of the
NaTiy(PO,); crystals doped with the DyS3*
ions, A, = 337.1 nm.

Table 3. Decay time (ns) of the X-rays lu-
minescence for

the doped
NaTi,(PO,); at room temperature

samples

Impurity Decay components, ns
T Ts T3
In 6.6 61
Nd 7+1 100+10 1176
Pr 7.4%1 90£10 1238
Sm 6.8 63
Dy 6.3 47

has complicated character. There are the com -
ponents with the decay time of 10 ns and 100—
200 ns as well as the components with T =1 ps
and T >> 1 ps (unfortunately we could not ob-
tain more precise values for two last compo -
nents). All data is presented in Table 3.

The data on the linear luminescence spec -
tra of the crystals doped with the RE ions
is simplest for analysis. Observed peak posi-
tions and numbers of spectral lines for
these crystals agree with data on lumines-
cent properties of the triple-charged RE
ions. These lines are caused by intrinsic ra-
diation transitions in the 4f"-shells of the
RE ions [1-3].

The present data on spectroscopy of the
RE ions enables to assign the observed lin-
ear PL spectra of the investigated Sm3*-
doped crystals to inner transitions in the
Sm3* ion [7]. Three groups of narrow spec-
tral lines observed in the PL spectra are
caused by the radiation transitions from the
actual in luminescence excited level 4G5 /2
on three lowest states of a 8H manifold:
Hy /9, 6H7/9, and ®Hg 5 [6, 7]. The Sm3*
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ions have an odd number of electrons and
twice Kramer’s degeneration of these ions
in crystal field is actual. It means that cor-
responded spectral regions have to contain
3, 4, and 5 spectral lines for J equal 5/2,
7/2, and 9/2, respectively. Therefore, the
observed series of additional lines in the 520—
580, 590-630, and 650-695 nm spectral re-
gions (Fig. 2) are corresponded respectively
to the 4G5/2 — 6H5/2, 4G5/2 — 6H7/2, and
4G5 ,9 - 6Hg,y electron transitions in the
4f"-shells of the Sm3* ions.

At the same manner, the groups of nar-
row spectral lines observed in the PL spec-
tra of the Dy-doped crystals can be assigned
to the electron transitions in the 4 f"-shells
of the Dy3* ions. The lines of the most long
wave length region, obviously, assigns to
the 4Fg 5 — YHy; o transition, group in the
560-610 nm spectral region is connected
with the 4Fg, - 6H; 3, transition, and
short wave length region is an exhibition of
the 4Fg,5 — OHyy 5 transition [3]. Remind,
at the whole removal of degeneration at
crystal field (taking into account double
Kramer’s degeneration) the number of lines
for transition from one manifold of the
levels have weather to be equal 6, 7, and 8,
respectively. A number of lines observed in
the noted spectral regions for both consid-
ered impurity ions are corresponded to the
noted number of levels [1-3, 7, 8]. It evi-
dence about whole cancellation of degenera -
tion in the crystal field. This conclusion
agrees with the most probable arrangement
of the impurity RE ions in the crystal lat-
tice: the RE ions replace the titanium ions.
Comparison of ionic radii of the Sm3* and
Dy3* ions with ionic radius of the Ti4* ions
and Ti—O distance (Table 2) follows possibil -
ity of such replacement.

At the same time it must be noted that
exceed charge —1 arises. Its possible local
compensation can occur by formation of
oxygen vacancy or by placement of some
ions near the RE ion. In the both cases
symmetry of the RE luminescence center
must be low (probably C;), but not octahe-
dral. Even this fact causes cancellation of
degeneration of the levels.

As to the wide band and the details of
the fine structure of the "red” lumines-
cence, this luminescence is to be corre-
sponded to the proper matrix emission be-
cause the same luminescent bands are ob-
served for undoped samples. In contrast to
the results of consideration the “blue-
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green” luminescent band, one can make
some definite assumptions about a character
of this radiation. For the moment, it can be
done only by comparing its characteristics
with luminescent data of compounds doped
by titanium ions. Analysis of the literature
data showed that emission bands of the im -
purity titanium ions embedded into oxide
dielectric matrices are located in this spec-
tral diapason 600-900 nm [9, 10].

The ionic radius of the Ti* titanium ions
is equal to 0.67 A. They can replace the Ti4*
titanium ions Ti4* in a lattice (the ionic
radius is 0.6413\), in the assumption of un-
controlled formation in the matrix of the
triple-charged titanium ions. In the synthe-
sized samples, the Ti3* ions can be formed
under the process of high-temperature syn -
thesis and spontaneous uncontrolled transi-
tion from melt into solid state at cooling.

There is one electron in the external 3d-
shell of the titanium ions Ti3*. An electron
state is described by 2D-term. In crystalline
field of cubic symmetry, this term is split-
ted into two levels 2Ty, and 2E, with a
splitting amount about 18000-19000 cm 1.
At further symmetry lowering and because
of spin-orbital interaction a lower level is
resolved into two and three levels respec-
tively with a total splitting amount about
100 cm™l. The upper level 2E, is also re-
solved into two sublevels due to Jahn-Teller
effect. The splitting amount is about
2000 cm™l. Radiation transitions 2E, — 2T,
are forbidden in accordance with evenness
low but in crystalline field of low symmetry
this forbiddance is canceled. As a result
lifetime of the Ti3*-ions in the 2E-state is
about 1-3 ps. As for other ions in the Fe-
group an external electron at T-states strongly
interacts with the lattice vibrations. Therefore
luminescence bands may be rather wide that is
observed in a number of experiments: they are
located in a range 650—-1200 nm.

Taking into account the described prop-
erties of the Ti®*-ions energetic it is easy to
understand that optical transitions from the
lower level of the excited state 2E_ to the
2A and 2E levels of the ground state may
cause the wide band of the "red” lumines-
cence as well as details of the fine structure
being observed experimentally in the lumines -
cence spectra of the NaTiy(PO4); compound.

Described above results allow us to do
the follow conclusions.

1. For the first time compounds of the
NaTiy(PO4); compositions doped with the
rare-earth elements such as samarium, dys-
prosium, praseodymium as well as indium
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ions have been synthesized and their sam -
ples in the form of single crystals and glass
are obtained. It is shown that the both
doped and the "pure” NaTiy(POy,); crystals
have the PL and XL spectra.

2. Luminescence spectra of the noted sin -
gle crystals are investigated at 4.2 and 300 K.

3. Luminescence of the NaTig(PO4) crys-
tals doped with the RE ions Pr°*, Sm3* and
Dy3* is excited both in the impurity-absorb-
ing region and the matrix-absorbing region.

4. Luminescence spectra of undoped crys-
tals consist of two bands: short-wave one
(450—-700 nm) of still unknown origin and
long-wave one (720—-800 nm) most likely
caused by the Ti3*-ions luminescence (these
ions can be formed spontaneously).

5. It is shown that the luminescence
spectra represent a superposition of un-
structured wide band of the own "red” lu-
minescence of the NaTiy(PO,4); matrix and
fine-structured line spectra caused by tran-
sitions in the intrinsic 4f-shells of the im-
purity rare-earth ions (Fig. 2, 3).

6. The "red” luminescence may result
from the emission of Ti®* ions in
NaTiy(PO,4); matrixes. Indium ions impuri-
ties cause a strong decreasing of intensity
of the matrix "red” own luminescence.

7. Analysis of the spectra fine structure
shows unambiguously that samarium, dyspro-
sium and praseodymium impurities are incorpo -
rated into the NaTiy(PO4); matrix as the Sm3*,
Dy3* and Pr3* ions replacing the Ti**-ions.

8. A possibility of such substitution indi -
cates the fact that tetra-charged ions of ra-

dioactive elements also can be embedded
into the NaTiy(PO,4); compound matrix. So
such a matrix can be used for conservation
of radioactive wastes.
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JlromiHeceHTHI nmpodou aaa neakux ¢gocedaris, mo
NPUAATHI AJa 30epiraHHda pagioaKTHBHMX BiIXomiB

0.B.9yxoea, P.C.Boiixo, I'.1.I'atidideil,
II.T Hazopnuii, C.I''Hedinvxo, I.M.Hedenvko,
B.1.Pad3siéanoé, B.Il.Caxyn, B.B.Boiixo

Cononyku ¢ochaTiB BUKOPUCTOBYIOTHCSA [HAJSA HOBLOCTPOKOBOrO 30epiramHa 0Oaratbox
pamioakTMBHUX Bimxomis. Bmepire omep:KaHo MOHOKPUCTANU i CTEKJa NaTiz(PO4)3, JleroBaHi
IOMIIKaMu pifKicHO3eMeJIbHUX eJIeMeHTIB TaKMWX, K HEeOOUM, camMapiii, mucmposiii, mpaseo-
IUM, a TakoyK ioHamu inpgiro. JlociimkeHO JIIOMiHECIEHTHI BJIACTMBOCTI MOHOKPHCTAJIIB IpU
remneparypax 4.2, 77 i 300 K. IlokasaHo, II[0 CIEKTPHU JIOMiHECIEHI[iI € CyIepHo3UIlicr0
mupokoi cmyru BiacHOI uepBoHOi miomiHecumennii marpuni NaTiy(PO,); Ta mimifiuarmx
CIIeKTPiB, CIPUUYMHEHUX BHYTPIIIHIMU IlepexogaMu B f-000JOHKAX NOMIIIIKOBUX pigKicHOze-
MeJabHEX ioHiB. "UepBoHA" JIIOMiHECIEHIIiA PO3IIALAETLCA AK PE3yJbTAT IepexoiB B ioHax

Ti®*, mo cHoHTaHHO (MOPMYIOTHCA y MATPHUIL

NaTi,(PO,4);. Amamis TOHKOI CTpPyKTypH

CIIeKTpPiB MOKasaB, IO AOMIIIKM iHAil0, caMmapiio Ta AUCIPO3il0 BXOAATH y MATPHUIIO

NaTiy(PO,); v Buraazi iomis In*, Sm3* i Dy3*.
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