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a b s t r a c t

Ternary scheelite-type molybdate NaSrLa(1-x-y)(MoO4)3:xEr
3þ,yYb3þ (x ¼ y ¼ 0, x ¼ 0.1 and y ¼ 0.2,

x ¼ 0.05 and y ¼ 0.45, x ¼ 0.2 and y ¼ 0) phosphors were successfully synthesized by the microwave sol-
gel method for the first time. Well-crystallized particles formed after the heat-treatment at 900 �C for
16 h showed a fine and homogeneous morphology with a particle size of 2e3 mm. The crystal structures
were refined by the Rietveld method in space group I41/a. The optical properties were examined
comparatively using photoluminescence emission and Raman spectroscopy. Under the excitation at
980 nm, the NaSrLa0.7(MoO4)3:0.1Er3þ,0.2Yb3þ and NaSrLa0.5(MoO4)3:0.05Er3þ,0.45Yb3þ particles
exhibited a strong 525-nm emission band, a weaker 550-nm emission band in the green region and weak
655-nm, 490-nm and 410-nm emission bands in the red, blue and violet regions. The pump power
dependence and Commission Internationale de L'Eclairage chromaticity of the upconversion emission
intensity were evaluated in detail. The presence of Sr in NaSrLa(MoO4)3, in comparison with NaCaLa(-
MoO4)3 compound, leads to frequency shift mainly in the low region of Raman spectra. The MoO4

bending vibrations are most susceptible to changes in the distance between the nearest oxygen atoms in
the nearest neighboring MoO4 groups.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The rare-earth-doped upconversion (UC) materials possess
specific luminescent properties and they show their potential for
applications in such photonic structures as solar cells, displays and
biological tissue imaging [1e3]. The spectroscopic and chemical
characteristics of the UC materials, in many aspects, defined by the
Physics, SB RAS, Novosibirsk
host parameters and complex oxide hosts are among the best
because of their pronounced chemical and mechanical stability
under ambient conditions, appropriate synthesis technologies and
structural diversity [4e10]. Earlier, the binary rare-earth-
containing scheelite-structure-related molybdates were success-
fully synthesized and their structural and optical properties were
obtained in detail, including the phenomenon of structure modu-
lation and UC photoluminescence [7,10e15]. Among the known
compounds, binary molybdates NaLn(MoO4)2 (Ln ¼ La3þ, Ce3þ,
Gd3þ, Y3þ, Bi3þ) possess the tetragonal structure in space group I41/
a [12,16,17]. In these and similar structures, the constituent
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trivalent elements can be efficiently substituted by Er3þ, Ho3þ,
Tm3þ or Yb3þ and other rare-earth ions commonly used in the UC
and wLED media [10e15,18e22]. The rare earth ions can be incor-
porated into the crystal lattice of the tetragonal binary molybdates
with a low defect generation due to the similarity of trivalent rare
earth ion radii, and the solid solution phosphors show high pho-
toluminescence efficiency [10,13e15,21e25].

Among rare-earth elements, the pair of Er3þ/Yb3þ is very suit-
able for the frequency conversion from the infrared to visible range
via the UC process due to its appropriate energy level configura-
tions. Indeed, the Yb3þ ion, taken as a sensitizer, can be efficiently
excited by the infrared LED source at l ~800 nm. Then, this energy
can be transferred to the Er3þ activator fromwhich the visible range
radiation can be emitted. In the UC medium, Er3þ ions are the
luminescence centers and the Yb3þ sensitizer enhances the UC ef-
ficiency. It was shown earlier that the Er3þ/Yb3þ co-doping can
remarkably enhance the UC efficiency for the shift from the infrared
(l ~ 800 nm) to green light due to the proficient energy transfer
from Yb3þ to Er3þ [26e29]. Nevertheless, it is topical to create new
ternary molybdate crystalline hosts for the observation of the UC
photoluminescence in the materials and search for such critical
parameters as the well-defined particle morphology and stable UC
luminescent properties. However, only one ternarymolybdate from
the NaRLn(MoO4)3 (R ¼ Ca2þ, Sr2þ and Ba2þ, and Ln are rare-earth
elements) family and one closely related tungstate NaSrLa(WO4)3
have been discovered up to now [30,31] and a further research is
needed to reveal the potential of the molybdate hosts.

As compared to the commonly used technological methods,
microwave synthesis provides such advantages as a very short re-
action time, small and uniform particle size and high purity of the
final polycrystalline product [32,33]. It is a cost-effective method
that provides high homogeneity powder products and it is easy to
scale-up the process up to the industrial level. Thus, the microwave
method is considered as a viable alternative technology for the
quick synthesis of high-quality luminescent materials. In this
concept, the method seems be optimal for the synthesis of complex
oxide compounds. In the present study, the ternary molybdate
NaSrLa1-x-y(MoO4)3:xEr3þ,yYb3þ (NSLM:xEr3þ,yYb3þ) phosphors
with the selected doping concentrations were successfully pre-
pared by the microwave sol-gel method followed by high-
temperature calcination in the air. The evaluated compositions
can be found in Table 1. The synthesized particles were character-
ized by X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The spectroscopic properties were examined comparatively
using Raman spectroscopy and photoluminescence (PL) emission.
The pump power dependence and Commission Internationale de
L'Eclairage (CIE) chromaticity parameters of the UC emission were
evaluated in detail.
Table 1
Main parameters of processing and refinement of the NaSrLa1-x-yMoO4:xEr,yYb samples.

Compound x, y Space group Z

NSLM 0, 0 I41/a 4

NSLM:
0.2Er

0.2, 0 I41/a 4

NSLM:
0.1Er,0.2Yb

0.1, 0.2 I41/a 4

NSLM:
0.05Er,0.45Yb

0.05, 0.45 I41/a 4
2. Experimental

In this experiment, the stoichiometric amounts of
Na2MoO4$2H2O (99%, Sigma-Aldrich, USA), Sr(NO3)3$4H2O (99%,
Sigma-Aldrich, USA), La(NO3)3$6H2O (99%, Sigma-Aldrich, USA),
(NH4)6Mo7O24$4H2O (99%, Alfa Aesar, USA), Er(NO3)3$5H2O (99.9%,
Sigma-Aldrich, USA), Yb(NO3)3$5H2O (99.9%, Sigma-Aldrich, USA),
citric acid (99.5%, Daejung Chemicals, Korea), NH3$H2O (A.R.),
ethylene glycol (A.R.) and distilled water were used to synthesize
the compositions NaSrLa(MoO4)3, NaSrLa0.8(MoO4)3:0.2Er3þ,
NaSrLa0.7(MoO4)3:0.1Er3þ,0.2Yb3þ and NaSrLa0.50(MoO4)3:
0.05Er3þ,0.45Yb3þ. To prepare the compounds, initially,
Sr(NO3)3$4H2O, Na2MoO4$2H2O and (NH4)6Mo7O24$4H2O were
dissolved in 20 mL of ethylene glycol and 80 mL of 5 M NH3$H2O
under vigorous stirring and heating. Subsequently, La(NO3)3$6H2O
with Er(NO3)3$5H2O, Yb(NO3)3$5H2O and citric acid (with the
molar ratio of citric acid to the total metal ions of 2:1) were dis-
solved in 100 mL of distilled water. The reagents were taken in
accordance to the nominal composition of the designed com-
pounds. Then, the solutions were mixed together vigorously and
heated at 80e100 �C. Finally, highly transparent solutions were
obtained and adjusted to pH ¼ 7e8 by the addition of NH3$H2O or
citric acid. The solutions were placed into a microwave oven
operating at the frequency of 2.45 GHz with the maximum output-
power of 1250 W for 30 min. The working cycle of the microwave
reaction was precisely controlled using the regime of 40 s on and
20 s off for 15 min; this was followed by a further treatment of 30 s
on and 30 s off for 15min. The samples were treatedwith ultrasonic
radiation for 10 min to produce a light yellowish transparent sol.
After this, the sols were dried at 120 �C in a dry oven to obtain black
dried gels. The black dried gels were ground and preheated at
350 �C for 12 h to evaporate the remained ethylene glycol and
substantial organic compounds. Continuously, the clean particles
without impurities were heat-treated at 900 �C for 16 h at 100 �C
intervals between 600 and 900 �C. Finally, white particles were
obtained for pure NaSrLa(MoO4)3, and light yellowish-pink parti-
cles were obtained for the doped compositions.

The powder diffraction measurements of the synthesized sam-
ples for the Rietveld analysis were collected over the angle range of
2q¼ 5e90� with a D/MAX 2200 (Rigaku, Japan) diffractometer (Cu-
Ka radiation, q-2q geometry) at room temperature. The step size of
2q was 0.02�, and the counting time was 2 s per step. The surface
morphology and microstructure of the powder particles were
observed using SEM (JSM-5600, JEOL, Japan). The PL spectra were
recorded using a spectrophotometer (Perkin Elmer LS55, UK) at
room temperature. The dependence of the UC emission intensity on
the pump power was measured at working power levels
20e110 mW. Raman spectra measurements were performed using
Cell parameters (Å), cell volume (Å3) Rp, RB (%)
c2

a ¼ 5.3603 (1) 13.83, 6.60
1.25c ¼ 11.8274 (3)

V ¼ 339.84 (2)
a ¼ 5.3406 (1) 12.08, 4.11

1.16c ¼ 11.7769 (2)
V ¼ 335.90 (2)
a ¼ 5.3293 (1) 10.39, 2.34

1.14c ¼ 11.7479 (3)
V ¼ 333.65 (2)
a ¼ 5.3063 (1) 9.61, 2.62

1.11c ¼ 11.6820 (3)
V ¼ 328.92 (1)



Fig. 2. Cell volume per averaged ion radii IR(Na/Sr/La/Er/Yb) of CaMoO4 (green
pentagon) [37], Na0.5La0.5MoO4 (blue triangle) [38], SrMoO4 (purple star) compounds.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. The crystal structure of NaSrLa(MoO4)3-based solid solutions. The lone atoms
are omitted for clarity.
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a LabRam Aramis (Horiba Jobin-Yvon, France) at the spectral reso-
lution of 2 cm�1. The 514.5-nm line of an Ar ion laser was used as an
excitation source and, to avoid the sample decomposition, the po-
wer on the sample surface was kept at a level below 0.5 mW.

3. Results and discussion

The XRD patterns recorded from the synthesized molybdates
are shown in Fig.1 and Figs. S1-S3. As it is evident from comparison,
the patterns of the NSLM:xEr3þ,yYb3þ compounds are very similar
and they can be described by the same type of the structure. There
is no indication of any foreign crystalline phase. As an example, the
difference profile plot of NSLM is shown in Fig. 1. For other samples,
the difference profile plots can be observed in Supporting
Information (Figs. S1-S3). The Rietveld refinement for each com-
pound was performed using a TOPAS 4.2 package [34]. All diffrac-
tion peaks were indexed by the tetragonal unit cell in space group
I41/a with parameters close to those of CaMoO4 [35] and
Na0.5La0.5MoO4 [36]. The Na0.5La0.5MoO4 scheelite was taken as a
reference because this molybdate and NSLM contain Naþ and La3þ

ions. Therefore, these crystal structures were selected as the
starting model for the Rietveld refinement. A site of the Sr or (Na/
La) ion was taken as occupied by Sr, Na, La, Er, Yb ions at fixed
occupations according to the nominal compositions. The re-
finements were stable and gave low R-factors (Table 1, Fig. S1-S3).
The obtained coordinates of atoms and the main bond lengths are
reported on in Tables S1 and S2, respectively. The linear cell volume
increases on the averaged increase of ion radii IR(Na/Sr/La/Er/Yb),
as shown in Fig. 2, and this proves the chemical compositions of the
synthesized samples [37]. The crystal structure of NaSrLa(MoO4)3-
based solid solution crystals is depicted in Fig. 3. Generally, the
structure is analogous to that of CaMoO4 [35]. Further details of the
crystal structures may be obtained from Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (þ49)
7247-808-666; E-mail: crystdata@fiz-karlsruhe.de; http://www.
fiz-karlsruhe.de/request_for_deposited_data.html on quoting the
deposition numbers CSD-432334-432337. Thus, the high-
temperature treatment at 900 �C in the air plays the crucial role
in themolybdate gel crystallization and oxygen content restoration.
As it can be reasonably assumed, high temperatures close to 900 �C
are optimal for molybdate treatment in the air and, previously,
many simple and complex molybdates were crystallized at similar
temperatures [7,11,15,22,27,30,38e42].

It is interesting to consider the behavior of unit cell volume in
scheelite type molybdate solid solutions as a function of cation
radii. As it could be assumed on the base of the dependence found
for the NaSrLa(MoO4)3-based solid solutions, as shown in Fig. 3,
other complex molybdates crystallized in a scheelite structure
Fig. 1. Difference Rietveld plot of NaSrLa(MoO4)3.
should also follow this trend. However, real situation is found to be
more complex. The dependences of unit cell volume on average ion
radii (IR), except for Mo6þ, for several scheelite type molybdates
containing rare earth, alkaline and Agþ ions are shown in Fig. 4. The
related structural data used for the calculations can be found
elsewhere [16,24,36,37,43e63]. In molybdates Li0.5Ln0.5MoO4,
K0.5Ln0.5MoO4, Ag0.5Ln0.5MoO4 and Na(Ca,Sr)Ln(MoO4)3, the cell
volume is proportional to the average IR value. However, for each
metal from the set of M¼ Li, Na, K and Ag, the curve is individual. As
it can be reasonably supposed, the type of Mþ cation in the crystal
composition governs the position of the molybdate family at this
diagram. This is a specific empirical rule for complex molybdates
with the scheelite type structure. As it is well known, the scheelite
structure is very stable and, in this structure, even the presence of
structural vacancy is acceptable when it is necessary to reach the
charge neutrality of the lattice. Earlier, in several binarymolybdates
containing M metals, the existence of the structural vacancy was
reported on [64e66]. The diagram shown in Fig. 4 opens the pos-
sibility for the vacancy size estimation in the AxLny,1-x-yMoO4
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Fig. 4. Cell volume per average ion radii IR(Li,Na,Ag,K,Ca,Ln) in several scheelite-type
molybdates families. The points of CaMoO4 (Ca) and SrMoO4 (Sr) are added for com-
parison. The dashed lines with arrows show the algorithm of estimation of average ion
radii IR(Na,Ag,Ln) for the crystals with structural vacancies: Na2/7Gd4/71/7MoO4, Na2/
7Eu4/71/7MoO4, Ag1/8Pr5/81/4MoO4.

Fig. 5. A scanning electron microscopy image of the synthesized NaSrLa(MoO4)3
particles.

Fig. 6. The upconversion photoluminescence emission spectra of NSLM:Er,Yb particles
excited at wavelength 980 nm at room temperature. The starting levels for UCL band
terminating in the ground state are indicated in black.
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(x þ y < 1, A ¼ Li, Na, K) compounds. Indeed, Na2/7Gd4/7,1/7MoO4
[65], which forms an incommensurate modulated crystal structure
with space group I-4(a-b0,ba0)00 due to vacancies, has the big cell
volume V ¼ 311.18 Å3, as calculated from the unit cell parameters
[65]. This molybdate with structural vacancies is characterized by
the very small average ion radii calculated using formal relation
IR(Na2/7Gd4/7,1/7, CN¼ 8)¼ 2/7,IR(Naþ)þ 4/7,IR(Gd3þ)¼ 0.938 Å
[67]. Thus, in Fig. 4, the point related to molybdate Na2/7Gd4/7,1/

7MoO4 lies drastically away from the general curve obtained for
M ¼ Na. Comparatively, molybdate Na0.5Er0.5MoO4 is without a
structural vacancy and has a smaller cell volume (V ¼ 303.07 Å3),
but much bigger calculated average ion radii
IR(Na0.5Er0.5) ¼ 1.092 Å. The point related to Na0.5Er0.5MoO4 lies at
the general curve M ¼ Na in Fig. 4. Then, if to suppose that all
sheelite-type molybdates with M ¼ Na should be governed by the
general dependence obtained for Na-containing crystals, true
average ion radii IR(Na2/7Gd4/7,1/7, CN ¼ 8) ¼ 1.114 Å can be
estimated, as shown in Fig. 4. It gave us the opportunity to calculate
the average radii of vacancy IR(,, CN ¼ 8) ¼ 1.226 Å in Na2/7Gd4/

7,1/7MoO4 from the corrected relation IR(Na2/7Gd4/7,1/7,
CN ¼ 8) ¼ 2/7,IR(Naþ) þ 4/7,IR(Gd3þ) þ 1/7IR(,) ¼ 1.114 Å. It is
interesting that the structural vacancy size is much bigger than
IR(Gd, CN ¼ 8) ¼ 1.053 and IR(Na, CN ¼ 8) ¼ 1.18 Å [67]. Similar
calculations made for Na2/7Eu4/7MoO4 [66] gave the close value of
ion radii IR(,, CN ¼ 8) ¼ 1.258 Å. Averaging these values led to the
value of IR(,, CN ¼ 8) ¼ 1.25(2) Å. The calculation of the vacancy
ion radii for Ag1/8Pr5/8,2/8MoO4 [64] using the same algorithm and
Vegard law for M ¼ Ag compounds, as shown in Fig. 4, gave even
the bigger value IR(,, CN ¼ 8) ¼ 1.353 Å. Commonly, it can be
assumed that the structural vacancy size increases in parallel with
the cell volume increase. As far as the cell volume of compounds
M0.5Ln0.5MoO4 increases in the sequence of M ¼ Li, Na, Ag, K
(Fig. 4), the smallest vacancy size for LixLny,zMoO4 and the biggest
vacancy size for KxLny,zMoO4 can be reasonably expected.

The microwave synthesis followed by high temperature
annealing in the air provides a very uniform closely agglomerated
particle morphology, as it is evident from Fig. 5 where the SEM
image of the synthesized NSLM particles is shown. Themorphology
of the samples containing Er and Yb is practically the same and they
are not shown. The NSLM powder is formed by coalescent particles,
2e3 mm in size. As it was obtained previously in oxides, the closely
agglomerated particles are commonly induced by the active inter-
diffusion of the grains that, as a rule, provides excellent composi-
tion homogeneity [4,10,25,68,69]. Thus, the fine particles with
controlled morphology and high crystallinity can be fabricated by
the microwave sol-gel route in a short time. The method is cost-
effective and it can be easy scaled up and that is very promising
for rapid synthesis of UC phosphors. This suggests that the micro-
wave sol-gel route is suitable for the creation of homogeneous
NSLM:xEr3þ,yYb3þ crystallites and it can be successfully applied to
other molybdates from this crystal family.

The upconversion properties of NSLM:xEr3þ,yYb3þ solid solu-
tions were investigated under the excitation at the wavelength
980 nm. The visible luminescence spectra of pure NSLM and three
activated samples, namely, NaSrLa(MoO4)3,
NaSrLa0.8(MoO4)3:0.2Er3þ, NaSrLa0.7(MoO4)3:0.1Er3þ,0.2Yb3þ and
NaSrLa0.50(MoO4)3:0.05Er3þ,0.45Yb3þ are presented in Fig. 6. The
undoped NSLM, as must be expected for a defect-free crystal, shows
no detectable luminescence in the visible range. In all three
erbium-containing samples, the maximal luminescence is detected
at erbium ion transitions from 2H11/2 and 4S3/2 states to the 4I15/2
ground state, the first transition being dominant. The luminescence
from 4F9/2 is also present, but it is much weaker, indicating that
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prevailing upconversion population process terminates mainly at
the 2H11/2 level, while the relaxation from this level to 4F9/2 is rather
weak, like in other studied molybdates. Other detected upconver-
sion luminescence bands are due to the transitions from 2H9/2
(411 nm) and 4F7/2 (493 nm). Generally, the spectral distribution of
UCL in the NSLM matrix is close to that in recently studied
NaCaLa(MoO4)3:Er3þ,Yb3þ [70]. Two differences can be noted:
namely, a larger increase of 4F7/2 luminescence when the Yb con-
tent reaches 45% and the appearance of an additional band at
474 nm and that is distinctly observable in this single sample with
the highest Yb content. Erbium does not possess the energy level
that can produce this additional band at the transition to the
ground state. Hence, this additional band must be ascribed to the
transition between excited states 2P3/2 / 4I11/2. This feature in-
dicates a stronger energy transfer to high-lying Er levels in the
NSLM matrix with Yb doping as high as 45%. The log-to-log
dependence of three main upconversion luminescence bands of
Er ion in NSLM doped with 45% of Yb are presented in Fig. 7. The
slopes for green, yellow-green and red bands are correspondingly
1.7, 1.68 and 1.56, indicating a two-step population scheme of the
starting levels of these bands. These slope values are completely
identical to the case of Er ion upconversion obtained in the Yb-
doped NCLM matrix.

The calculated chromaticity coordinates of (a)
NSLM:0.1Er3þ,0.2Yb3þ and (b) NSLM:0.05Er3þ,0.45Yb3þ phosphors
and the related CIE chromaticity diagram are shown in Fig. 8. The
legend in Fig. 8(B) shows the chromaticity points for samples (a)
and (b). When the Er3þ/Yb3þ concentration ratio is varied, the
chromaticity coordinate values (x, y) are slightly changed. As shown
in Fig. 8(A), the points with chromaticity coordinates x ¼ 0.240 and
y¼ 0.614 for (a) NSLM:0.1Er3þ,0.2Yb3þ and x¼ 0.242 and y¼ 0.643
for (b) NSLM:0.05Er3þ,0.45Yb3þ fall to the yellowish-green sector in
the CIE diagram.

The group theory analysis predicts 17 Raman-active modes for
the NaSrLaMoO4 compound with a tetragonal unit cell in the space
group I41/a structure. These modes are distributed among the
irreducible representations as 3Ag þ 7Bg þ 7Eg. Among these
modes, 3 are symmetric stretching vibrations and 4 are bending
vibrations of MoO4 tetrahedra. The remaining modes belong to
translational motions of big cation vibrations, librations and
translations of tetrahedral groups.
Fig. 7. The logarithmic scale dependence of the upconversion emission intensity on
the pump power in the range from 20 to 110 mW at 545 and 655 nm in the
NaSrLa0.50(MoO4)3:0.05Er3þ,0.45Yb3þ sample.
The Raman spectra of the NSLM:0.2Er3þ, NSLM:0.1Er3þ,0.2Yb3þ

and NSLM:0.05Er3þ,0.45Yb3 samples obtained under the 514.5 nm
excitation at ambient conditions are shown in Fig. 9(a). Besides
Raman lines, only Er3þ luminescent peaks can be seen in the
spectra and, in the following, the features were excluded from the
analysis. The Raman spectrum of NSLM is shown in Fig. 9(b) in
comparisonwith the Raman spectrum of NaCaLaM(MoO4)3 (NCLM)
[70]. As it can be seen from Fig. 9(b), the slight shift of the Raman
peaks of NSLM in reference to those of NCLM is found. The obtained
experimental values of Raman-active frequencies are presented in
Table 2.

In order to assign the Raman peaks to the atom vibrations, we
performed the lattice dynamics calculations of the Raman-active
mode frequencies using the program package LADY [71]. The
calculation algorithm and initial model parameters were the same
as those used for the NCLM [70]. To find the model parameters, the
special optimization program was written and tested for several
compounds selected from different chemical classes
[25,42,70,72e84]. The parameters obtained via the optimization
are enumerated in Table S3. The most intense band in the Raman
spectrum of NSLM is related to the n1 symmetric stretching vibra-
tion of the MoO4 tetrahedral group [85]. The frequency shift of this
line, in reference to that if NCLM, is mainly due to the MoeO bond
length difference, namely, 1.747 Å in NSLM and 1.77 Å in NCLM [70].
According to the empirical formula proposed in Ref. [86],
n(cm�1) ¼ 32895 exp (�2.073 R), where R is the bond distance in
angstroms, the estimated frequency of n1 vibrations in NSLM
should be 880 cm�1, that is in good agreement with the experi-
mental data, and this value should be bigger than that for NCLM
where the MoeO bond length is larger. The lines at 829 and
777 cm�1 are related to the n3 antisymmetric stretching vibrations.
The bending n2 and n4 vibrations are positioned in thewavenumber
region of 300e400 cm�1. Generally, the frequency of n4 vibration
should be higher than that of the n2 vibration [85]. The experi-
mental data obtained for NSLM and NCLM, as well as our calculated
results, are in agreement with this relation. Using frequency dif-
ferentiation procedure [71], we can obtain the derivatives of
calculated frequencies with respect to the potential model pa-
rameters. The results of the calculations indicate that the shift in
the 4 vibration frequencies of NSLM and NCLM is related also to the
difference in the distance between the nearest oxygen atoms of two
nearest neighboring MoO4 groups, 2.8900 and 2.8486 Å for NSLM
and NCLM, correspondingly. Nevertheless, the influence of the
difference between NSLeO and NCLeO bond lengths cannot be
omitted. According to the above-presented, the n4 vibration fre-
quencies of NCLM should be higher than these for NSLM that is in
accordance with our experimental data. According to the lattice
dynamics simulation, the Raman peaks in the region of 190 cm�1

correspond to the mode that comprises the coupled Na translation
and libration of MoO4 groups [86,87], and the difference in the
position of experimental lines in NCLM and NSLM is mainly related
to the difference in NaeO bond lengths. The same explanation is for
the shift of the Raman line in the region about 140 cm�1.

4. Conclusions

In the present work, the ternary molybdate NSLM:xEr3þ,yYb3þ

phosphors were successfully synthesized by the microwave sol-gel
method. The well-crystallized particles formed after heat-
treatment at 900 �C for 16 h in the air showed a fine and homo-
geneous morphology with a characteristic particle size of 2e3 mm.
The scheelite-type structures of pure NSLM and doped composi-
tions were first defined by the Rietveld analysis. The new empirical
rule for complex molybdates with general formula MxLnyMoO4
(M ¼ Li, Na, Ag, K) and the scheelite type structure was found. As it



Fig. 8. (A) Calculated chromaticity coordinates (x, y) values and (B) the CIE chromaticity diagram for NaSrLa1-x-y(MoO4)3:xEr3þ,yYb3þ phosphors. The emission points for samples (a)
NaSrLa0.7(MoO4)3:Er0.1Yb0.2 and (b) NaSrLa0.50(MoO4)3:Er0.05Yb0.45 are shown in the inset.

Fig. 9. The Raman spectra of synthesized NaSrLa0.8(MoO4)3:0.2Er3þ,
NaSrLa0.7(MoO4)3:0.1Er3þ,0.2Yb3þ, NaSrLa0.50(MoO4)3:0.05Er3þ,0.45Yb3þ and pure
NaSrLa(MoO4)3 in comparison with NCLM [70].

Table 2
Notation and wavenumber values (cm�1) of the active Raman lines.

Number Symm. type calc exp

NSLM NCLM [70]

1 Ag 881 888 885
2 Bg 817 829 829
3 Eg 793 777 777
4 Bg 383 386 390
5 Eg 360 371 380
6 Bg 324 332 332
7 Ag 346 320 318
8 Eg 256 244 255
9 Bg 220 224 228
10 Ag 176 195
11 Eg 185 186 190
12 Eg 130 136 141
13 Bg 118 114 125
14 Bg 97
15 Eg 87
16 Bg 21
17 Eg 19
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was shown by a wide comparative observation, the type of Mþ

cation governs the position of the selected molybdate family at the
diagram where the cell volume is depicted as a function of average
big ion radii IR(MxLny). The compounds under investigation Na1/
3Sr1/3La(1-x-y)/3MoO4:x/3Er3þ,y/3Yb3þ and the previously observed
compounds Na1/3Ca1/3La(1-x-y)/3MoO4:x/3Er3þ,y/3Yb3þ revealed
that the addition of a new element A ¼ Ca, Sr to the formula
Mx(Ln,A)yMoO4 does not lead to the appearance of new curve
family V(IR), and the family is defined by the Mþ cation type. Such
interesting property allowed us to suggest that the cell volume
curve family of MxLny,zMoO4 compounds are also governed byMþ

cation only and this opens a way to estimate the radii of vacancy,

for several compounds: IR(,, CN ¼ 8) ¼ 1.226 Å in Na2/7Gd4/7,1/

7MoO4; IR(,, CN ¼ 8) ¼ 1.258 Å for Na2/7Eu4/7,1/7MoO4; IR(,,
CN ¼ 8) ¼ 1.353 Å for Ag1/8Pr5/8,2/8MoO4. Two general trends
were found: 1) vacancy size increases with an increase of the Mþ

ion size, i.e. the vacancy size increases in parallel with the cell
volume increase; 2) the structural vacancy size is much bigger than
IR(Ln, CN ¼ 8).

The upconversion luminescence of NSLM:Er,Yb under the
980 nm excitation is found to be generally similar to that of the
recently investigated NCLM:Er,Yb, It is featured by the domination
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of green luminescence from 2H11/2 and by a low intensity of red
luminescence. However, the NSLM:Er,Yb system at the Yb content
of the order of 0.45 is found more favorable for the excitation of
high-lying Er states, as indicated by the detection of UCL at 474 nm.
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