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Abstract

This contribution is devoted to the new ytterbium-doped alkali metal lutetium double phosphates and their structural and spectro-
scopic characterisations. The absorption, emission and excitation spectra have been measured at 4, 10 and 293 K in the VUV to IR range.
The results have been compared with the analogous yttrium phosphates. The luminescence spectra of the double phosphates have been
recorded using various excitation lines, including the synchrotron radiation. The low temperature absorption and emission spectra in the
region of the 2F7/2! 2F5/2 transition together with the IR spectra have been used to assign the electronic and vibronic components.
Detailed analysis of the Yb3+-doped sodium lutetium double phosphates has been performed to determine the energy levels in these hosts
and to compare their optical behaviour with analogous sodium yttrium double phosphates. The emission and excitation spectra have
been investigated using synchrotron radiation and the origin of the emission has been analysed proving that the emission occurs from
the charge transfer state.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since the development of the InGaAs diode laser much
attention has been focused on Yb3+-doped materials. The
luminescence originating from the transitions between the
manifold of Stark-splitted levels of the Yb3+ ion in different
crystals with Yb3+ has been extensively studied in relation
to the possible laser applications. The Yb3+ ion can create
laser action in the IR range around 1000 nm and has sev-
eral advantages when compared to the Nd3+-doped sys-
tems already employed in various laser materials. The
intense and broad Yb3+ absorption lines are well suited
for the IR laser diode pumping [1].

There is no concentration quenching and the small
Stokes shift reduces the thermal loading of the material

during laser operation and increases the laser efficiency.
The ytterbium-doped lasers have longer emission lifetime
than the Nd3+-doped materials, which enhances the stor-
age capacity and reduces quantum defects between the
absorption and emission processes. All these properties of
Yb3+ indicate that the trivalent ytterbium seems to be more
promising that the trivalent neodymium.

On the other hand, together with the intraconfigura-
tional 4f–4f transitions, also a broad absorption band
(called CT) can be observed for the trivalent ytterbium
ion. In 1978, Nakazawa first observed the luminescence
due to the reverse process of the CT absorption and
reported this phenomenon for the Yb3+ ion in phosphate
and oxysulfate lattices [2].

Until recently the CT luminescence of the rare earth ions
has not been investigated extensively. The interest in Yb3+

was renewed by the discovery of possible application of
compounds containing this lanthanide in the real-time
spectroscopy of solar neutrinos [3]. A comprehensive study
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of the Yb3+ CT luminescence in phosphates, borates, alu-
minates, oxysulfides, oxyhalogenides, oxides and fluorides
matrices has been carried out [4]. Also, in the red phosphor
used in fluorescent tubes (Y2O3:Eu3+) UV radiation is effi-
ciently absorbed by a transition to the charge transfer state
of the Eu3+ ion.

The properties of alkali rare earth double phosphates of
the M3RE(PO4)2 type have been studied as photolumines-
cent materials by several authors [5–14]. These double
phosphates have their host absorption edge at a rather
short wavelength which make them suitable as the host lat-
tices for various luminescent materials including laser
devices.

This work is devoted to the structural and spectroscopic
characteristics of new ytterbium-doped sodium lutetium
double phosphates. The results obtained have been com-
pared with the same type of yttrium double phosphates
which have been already reported in our earlier paper [13].

It has been reported by several authors that materials
with Lu3+ instead of Y3+-codoped with Yb3+ ions reduced
the solarisation effects and improved the lasing perfor-
mance [1,15].

2. Experimental

2.1. Materials and methods

Na3Lu1�xYbx(PO4)2 and Na3Y1�xYbx(PO4)2 (x = 0.1
and 0.2) were prepared via the procedure described before
[12]. Briefly, they were obtained by a solid state reaction at
900 �C in air for 12 h with the stoichiometric amounts of
Na3PO4 and the mixed lutetium–ytterbium phosphate
hydrate (Lu1�xYbx(PO4)2 Æ xH2O) or yttrium–ytterbium
phosphate hydrate (Y1�xYbx(PO4)2 Æ xH2O), respectively.
The post-reaction treatments were carried out in the plati-
num crucible at 1400 �C in the air atmosphere. The samples
were doped with 10 and 20 mol per cent of the trivalent
ytterbium. The starting chemical compounds were com-
mercially available ultra-pure powders, to avoid impurity
centers. The absorption, emission and FT-infrared data,
the elementary analysis results as well as the X-ray diffrac-
tion and thermal analysis data proved the composition and
phase purity of the expected compounds.

The X-ray powder diffraction (XRD) patterns were
recorded at room temperature for 2h = 1–120� with a
DRON-1 type diffractometer (CuKa radiation; k =
1,5418 Å) and a Stoe IPDS diffractometer (University of
Cologne, Germany; MoKa radiation; k = 0,7107 Å). The
crystalline phases were determined by the comparison of
the registered patterns with the International Center for
Diffraction data (ICDD)-Powder Diffraction Files (PDF).
The thermogravimetric analysis (TG) and (DTA) were per-
formed in the range of temperatures 40–1400 �C on a Set-
sys 16/18.

Since the salts are hygroscopic they had to be handled in
dry conditions. All operations with the samples were per-
formed in a dry box.

2.2. Spectroscopic measurements

The absorption measurements were performed using a
Cary-Varian 500 scanning spectrophotometer equipped
with an Oxford CF1204 helium flow cryostat between 4
and 293 K in the 850–1050 nm spectral region. The pellets
used for the absorption and emission measurements were
prepared under 0.7 MPa pressure. The oscillator strengths
of the 4f–4f transitions of the ytterbium ions were calcu-
lated by integration of the Gauss-Lorentz shaped bands
by using an ICH-10 program [16,17]. The studies of the
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Fig. 1. XRD diagrams of LuPO4 (PDF 83-665) and Lu0.9Yb0.1PO4 (a)
Lu0.9Yb0.1PO4 and Na3Lu0.9Yb0.1(PO4)2 (b) Na3Y0.8Yb0.2(PO4)2 and
Na3Lu0.9Yb0.1(PO4)2 (c) powdered samples.
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luminescent characteristics of the investigated compounds
were performed on a SUPERLUMI station at the HASY-
LAB (DESY, Hamburg, Germany) with a synchrotron
radiation excitation. The luminescence and luminescence
excitation spectra were investigated at 10 and 293 K in a
wide energy range (80–1100 nm).

The infrared spectra of the powdered samples (FT–IR)
were recorded in the spectral range 40–4000 cm�1 on a
Fourier-transform spectrometer Bruker IFS 88 with a res-
olution of 0.1 cm�1. The powdered samples were mixed
with KBr and then pressed.

2.3. Structural considerations

The synthesis of the Na3Y(PO4)2 double phosphates
using the solid state reaction mainly leads to the formation
of only one phase of the expected double phosphates [13].
The structures of these compounds have been studied by
several authors [7–14]. The alkali double phosphates crys-
tallize with various structures depending on the alkali
metal and the ionic radius of the lanthanide ion. The
sodium yttrium double phosphates doped with ytterbium
ions crystallize in the orthorhombic system (space
group Pbc21, #29, Z = 24) [7–9] which is distorted from
the hexagonal glaserite (K3Na(SO4)2) structure. As both
YPO4 and LuPO4 have the same crystal structure (tetrago-
nal, zircon-type) we expected that the analogous com-
pound of Na3Lu(PO4)2:Yb3+ would be isostructural with
Na3Y(PO4)2:Yb3+. However, as it can be seen in the
X-ray diffraction patterns of both compounds (Fig. 1)
they are similar but not identical. Diffractograms of
Na3Lu(PO4)2 and Na3Y(PO4)2 are not only shifted but also
additional new lines can be observed. From this it can be
assumed structural modification and supposed that
Na3Lu(PO4)2:Yb3+ crystallizes with a crystal structure dif-
ferent from the orthorhombic yttrium compounds. Since
knowledge about the structure of lutetium double phos-
phates sodium salt is still limited and the structure of this
compound is unknown, the detail analysis of compounds
on the successive steps of synthesis was carried out and
presented.

3. Results and discussion

The investigations of Yb3+ and others Ln3+ ions-doped
sodium and rubidium yttrium double phosphates have
been undertaken by us because these compounds are effi-
cient hosts for lasing materials [12–14]. To our knowledge,
this contribution presents for the first time results of spec-
troscopic studies of the properties of Yb3+ in the double
alkali double phosphates matrix involving Lu3+ instead
of Y3+.

Our investigations of the Eu3+, Nd3+ and Pr3+ double
phosphates sodium salts have revealed that the active ions
may occupy two or even more sites [12–14]. Such investiga-
tions can help to clarify the optical properties of the Yb3+

double phosphates because our knowledge concerning this
issue is still limited.

The low and room temperature absorption spectra of
Na3Lu(PO4)2:Yb3+ show the typical Yb3+ ions 2F7/2!
2F5/2 transition at around 1000 nm and they seem to be less
complex than those of Na3Y(PO4)2:Yb3+. The main bands
in the absorption spectra consist of the three electronic
Stark components of the 2F5/2 excited level situated at
10244, 10515 and 11045 cm�1 for Na3Y(PO4)2:Yb3+ and
10252, 10555 and 11008 cm�1 for Na3Lu(PO4)2:Yb3+, with
the total CF splitting of 801 cm�1 and 756 cm�1 for the
yttrium and lutetium salts, respectively. This result is sur-
prising when one compares the ionic radii of the Y3+ and
Lu3+ ions. The splitting of the excited 2F5/2 state is similar
to that of the oxide materials (about 793 cm�1) [18] and is
much larger than in the fluoride hosts (about 420 cm�1) [1].
The bands in the absorption spectra of Na3Lu(PO4)2:Yb3+

at room as well as at low temperatures are a little blue-
shifted in comparison to the yttrium salts (see Fig. 2). This
could be caused by the disordering of the lutetium double
phosphates lattice when the Lu3+ ions are substituted by
the larger Yb3+ ions (the ionic radii:Y3+�1.04,
Lu3+�0.988, Yb3+�0.998 Å). On the other hand, the
decrease of temperature to 4 K leads to a broadening of
the line which also could confirm some disordering of the
Na3Lu(PO4)2:Yb3+ crystal structure.

The absorption spectra at low temperatures, especially
in the case of the yttrium salts, are more complex than
the spectra observed at room temperature (RT). In the
spectra of Nd3+, Eu3+ and Pr3+ double phosphates the
presence of a larger number of lines than expected for
one site indicates more sites of the active ions in the double
phosphates [12–14]. In contrast to that, in the ytterbium
double phosphates the interpretation of the spectra is not
so easy. The additional components observed in the spectra
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Fig. 2. The absorption spectra of Na3Y0.8Yb0.2(PO4)2 and
Na3Lu0.9Yb0.1(PO4)2 at 4 and 293 K.
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at 4 K can be due to the strong electron–phonon coupling,
much stronger for the Yb3+ ion than for Eu3+ one. Thus,
the additional lines and also the broadening of the bands
could have a vibronic and/or a cooperative origin. In order
to distinguish between the electronic and the vibronic tran-
sitions we have compared the absorption and emission
spectra at low temperature with the IR spectra. The vib-
ronic components corresponding to the IR active vibra-
tions are present at around 350, 480 and 690 cm�1 for
Na3Lu0.1Yb0.9(PO4)2 (Fig. 3), similarly as for Na3Y0.8-
Yb0.2(PO4)2 [13]. Thus, some components localised at these
energies (relatively to the 0-phonon lines) are of a vibronic
origin. The decrease of the intensity with lowering of the
temperature both for the yttrium salt (*P = 4366 at RT
to 2039 at 4 K) and the lutetium salt (*P = 1122 at RT to
813 at 4 K) is the result of the depopulation of the Stark
components of the 2F7/2 ground state splitted by the crystal
field. This dependence could also confirm the vibronic ori-
gin of the electronic transitions components.

The emission spectra were mainly measured using the
synchrotron radiation. The emission spectra of Yb3+ was
expected to reveal four electronic levels of the ground
2F7/2 state, as a consequence of the symmetry reduction
induced by the crystalline Stark splitting. However, as we
can see from Fig. 4 the situation was more complicated.
Additional sharp lines were observed in the luminescence
spectra of the yttrium double phosphate at 10 K around
10225 cm�1 (978 nm). The band is splitted into two com-
ponents in contrast to the lutetium salt. Similarly as in
the absorption spectra, the shift toward the higher energy
in the case of the lutetium double phosphates is also visible
in the emission spectra. The absorption and emission spec-
tra of Na3Y(PO4)2:Yb3+ and Na3Lu(PO4)2:Yb3+ at low
and room temperature are presented in Fig. 5a and 5b.

The zero-phonon line is clearly observed around the
1! 5 and 5! 1 transitions. The total CF splittings of
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Fig. 3. The absorption spectra at 4 and 293 K with superposition of IR
spectra of Na3Lu0.9Yb0.1(PO4)2..
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the 2F7/2 ground level are 319 and 290 cm�1 for the
lutetium and yttrium salts, respectively (see Insert in
Fig. 5).

In the spectra of the compounds under investigation, the
reabsortion for the zero-phonon line around 980 nm has
not been observed. However, the strong overlap of the
absorption and emission spectra originating from the tran-
sitions between the four Stark components of the ground
2F7/2 and the three components of the excited 2F5/2 state
of Yb3+ is well known for various matrices [1,19]. The rela-
tionship between the total CF splitting of the 2F7/2 and
2F5/2 levels allows to suggest the energy level scheme for
both kinds of the investigated samples.

The f–f emission spectra presented in this paper have
been measured with the synchrotron radiation excitation.
To explain all the phenomena in the studied systems it
has been necessary to collect the emission spectra of the
ytterbium compound using also the IR excitation.

Together with the narrow 4f n–4f n intraconfigurational
transitions for the trivalent lanthanides ions also a broad
band can be observed in the high energy region which cor-
responds to the 4f n�15d–4f n or change transfer (CT) tran-
sitions. Until now only few papers have discussed the CT
luminescence. As Yb3+ does not have the high-energy 4f
states as the Eu3+ ion does and only the excited 2F5/2 State
(4f) of the Yb3+ ion is located at 10000 cm�1 above the
ground state 2F7/2, there is a large energy difference
(39000 cm�1) between the CT sate and the highest 4f state.
Thus, for Yb3+ the reverse process of the CT absorption
can be observed. The charge transfer luminescence for
orthophosphates and sulfates was first reported by Nakaz-
awa in 1978 [2]. A very extensive study of Yb3+ doped into
various inorganic matrices has been performed by the
Meijerink group [4,21].

To identify the Yb3+ CT luminescence, besides the spec-
tra of the Yb3+-doped systems, the luminescence of the
host lattice is necessary for comparison. The Vacuum–
UV spectroscopy has been used to investigate the electronic
structure of the materials. The excitation spectra at room
and low temperatures have been used to determine the
hosts absorption edges of the yttrium and lutetium double
phosphates as well as those of the matrices doped with the
ytterbium ions. The lutetium and yttrium double phos-
phates have the absorption edge at about 165 nm (see
Fig. 6) which is typical for these kinds of matrices. It has
been reported that the edge of the absorption for phos-
phates, double phosphates and cyclotetraphosphates is
located in the range 140–168 nm [4,6,20]. Our results are
in good agreement with this data. The excitation emission
spectra of Yb3+-doped Na3Lu(PO4)2 and Na3Y(PO4)2 with
k detection at 375 nm show the strong absorption bands
with the maxima at 185 nm and 240 nm, respectively. The
first absorption band can be assigned to the 2F7/2! CT
transition of the Yb3+ ion in Na3Y(PO4)2. As it has been
mentioned, the high energy (170 nm) excitation source
has been used. Fig. 7 shows the emission spectra of the
Yb3+-doped Na3Y(PO4)2 and Na3Y(PO4)2 matrices. Two
broad bands peaked at 296 nm (33783 cm�1) and 469 nm
(21324 cm�1) can be seen. If we deselect from emission
given by these doped samples, emission given by the matrix
(defect centres), the energy of the second Yb3+ emission
band can be located at approximately 420 nm
(23 809 cm�1). It fits quite well as the energy difference
between 2F5/2 and 2F7/2 (33783–23809 = 9974 cm�1). The
energy of the CT state localized by us corresponds well
with the CT state energy calculated from the Jørgensen
relationships r = [v(O2�) � v(Yb3+)30 kK] based on the
optical electronegativity of the oxide atom of the phos-
phate PO3�

4 group and the ytterbium ions [22].

100 150 200 250 300

2

4
3

1

165 nm

240 nm
185 nm

2F
7/2

→ CT

In
te

ns
ity

 (
a.

u.
)

Wavelength / nm

1    Na3Y0.9Yb0.1(PO4)2 10 K
2    Na3Y0.9Yb0.1(PO4)2 RT
3    Na3Y(PO4)2 RT
4    Na3Y(PO4)2 10 K

Fig. 6. The excitation spectra of the Na3Y(PO4)2 host lattice and of
Na3Y(PO4)2 doped with 10 mol% Yb3+ at 10 and 293 K, kdet = 375 nm.

900 950 1000 1050 1100

4
3

2
1

cm-1

908 nm

947 nm
975 nm

7
6
5

4
3
2
1

Wavelength / nm

C
ro

ss
-s

ec
tio

n

2F
5/2

2F
7/2

11008.5

10555

10252

319

247

0

1  Abs 4 K
2  Abs RT
3  Em RT
4  Em 10 K

Fig. 5b. The absorption spectra and emission spectra of
Na3Lu0.9Yb0.1(PO4)2 under synchrotron radiation 170 nm at low and
room temperature.

M. Guzik et al. / Optical Materials 29 (2007) 1225–1230 1229



Aut
ho

r's
   

pe
rs

on
al

   
co

py

4. Summary

A new type of the lutetium double phosphates sodium
salt containing Yb3+ has been synthesised by a solid state
reaction. The thermogravimetric analysis has allowed to
determine the optimal conditions of heat treatments to
obtain expected Na3Lu0.9Yb0.1(PO4)2. Fig. 1a and b shows
purity of the substrate (a) and the steps of the double phos-
phates synthesis (b). Detail analysis of the X-ray powder
diffraction data allows to assume the structural modifica-
tion of lutetium double phosphates sodium salt because
the diffractograms of the Na3Lu(PO4)2:Yb3+ is close but
not identical to that of the orthorhombic yttrium com-
pounds. At the moment the crystal structure of
Na3Lu0.9Yb0.1(PO4)2 remains unknown but the details of
the structure are under investigation.

The spectroscopic properties of the Na3Lu(PO4)2:Yb3+

and Na3Y(PO4)2:Yb3+ double phosphates have been inves-
tigated. The structural differences between them have been
found. They are manifested in the splitting and the inten-
sity values of the Yb3+ 2F7/2! 2F5/2 and 2F5/2! 2F7/2

transitions for both types of the double phosphates. This
could be caused by some disordering of the Na3Lu(PO4)2:
Yb3+ crystal structure. The superposition of the IR,
absorption and emission spectra measured at 4 K and
293 K allows to assign some vibronic components which
correspond to the IR active modes. These components
can be seen in both the absorption and emission spectra
obtained at low temperatures.

An excitation of the Yb3+-doped sodium double phos-
phates in the VUV region (170 nm) induces the broad emis-
sion consisting of two bands with maxima at ca. 290 and
420 nm. The energy difference between these bands could
be assigned to the transitions from the charge transfer state

to 2F7/2 and 2F5/2 of Yb3+. The fundamental emission of
the Yb3+ f–f transition has also been observed with the
excitation in the VUV region at 10 K as well as at RT.
The number of lines detected in the absorption and emis-
sion spectra of Na3Y(PO4)2:Yb3+ a 4 K may suggest the
existence of the two lanthanide sites in the structures of
these compounds. To confirm this it is necessary to mea-
sure the Yb3+ selective excitation emission spectra by using
a Ti/shapphire laser as an excitation source. On the basis of
the emission and absorption spectra obtained at low tem-
peratures the energy level schemes have been proposed.
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Fig. 7. The emission spectra of the Na3Y(PO4)2 host lattice and of
Na3Y(PO4)2 doped with 10 mol% Yb3+ measured at 10 and 293 K. Both
have been recorded with excitation at 170 nm.
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