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Abstract
Triple molybdate NaCalag-x-)(M0O4)3:XEr¥* yYb3* (x =y =0, x = 0.05 and y = 0.45, x =
0.1 and y = 0.2, x = 0.2 and y = 0) phosphors were successfully synthesized by the
microwave sol-gel method for the first time. Well-crystallized particles formed after heat-
treatment at 900°C for 16 h showed a fine and homogeneous morphology with particle sizes
of 2-3 um. The structures were refined by Rietveld method in space group 141/a. The optical
properties were examined comparatively using photoluminescence emission and Raman
spectroscopy. Under the excitation at 980 nm, the NaCalao7(M004)3:0.1Er*,0.2Yb*" and
NaCaLao5(M00Q4)3:0.05Er**,0.45Yb®" 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.

1. Introduction

For the recent years, the rare-earth doped oxide-based upconversion (UC) particles have
become of extensive interest due to the stable luminescent properties and potential
applications in photonic products such as lasers, three-dimensional displays, light-emitting
devices, solar cells and biological luminescent imaging media [1-3]. Previously, scheelite-

type binary molybdates were reported in terms of new structures, including structure-



modulation effects, promising spectroscopic characteristics and excellent upconversion (UC)
photoluminescence properties [4-9]. In particular, the rare-earth binary NaLn(MoOs)2 (Ln =
La®*, Gd*", Y**) compounds possess the tetragonal phase with space group 141/a, and belong
to the family of sheelite-type structure [10]. The trivalent rare-earth ions in the tetragonal
phase can be partially substituted by laser-active Er®*, Ho®*, Tm®" and Yb** ions. These ions
are efficiently doped into the crystal lattice of the tetragonal binary molybdates due to the
similar radii of the trivalent rare earth ions, which results in the excellent UC
photoluminescence properties [4-9,11-14].

Among rare-earth ions, the Er®* ion is suitable for the infrared to visible light conversion
through the UC process due to its appropriate electronic energy level configuration. The Yb3*
ion, used as a sensitizer, can be dramatically excited by an incident light source energy. This
energy is transferred to the activator from which radiation can be emitted. The Er®* ion
activator is the efficient luminescence center of the UC particles, while the sensitizer
enhances the UC luminescence efficiency. The Er®* and Yb®* ions co-doping can remarkably
enhance the UC efficiency for the shift from infrared to visible light due to the efficiency of
the energy transfer from Yb®* to Er** [15-17].

For preparation of the double molybdate NaLn(MoOas)., several processes have been
developed via specific preparation processes, including solid-state reactions [4,8,18-21], the
sol-gel method [22,23], Czochralski growth [24-27], hydrothermal method [28-32],
microwave assisted hydrothermal method [33] and pulse laser deposition [34]. Nevertheless,
it is required to create new triple molybdate compounds for the observation of the UC
photoluminescence in the materials and search for such features as the well-defined
morphology and stable UC luminescent properties. However, up to now, the triple
molybdates with general composition NaRLn(MoO4)s (R = Ca?*, Sr?* and Ba?*, while Ln is

rare-earth elements) have not been reported on. As compared to the common technological



methods, microwave synthesis has its advantages of a very short reaction time, small-size
particles, narrow particle size distribution, and high final polycrystalline samples purity
[35,36]. The microwave heating is delivered to the material surface by radiant and/or
convection heating and the heat energy is transferred to the bulk of the material via
conduction [37-39]. It is an inexpensive method that provides high homogeneity powder
products and it is easy to scale-up the process. Thus, the microwave method is considered as
a viable alternative approach for the quick synthesis of high-quality luminescent materials. In
this concept, this method is optimal for the synthesis of complex oxide compounds.

In the present study, the triple molybdate NaCala(i-x.y)(M0Oa4)s:XEr®*,yYb®*" (NCLM:
XEr®* yYb**) phosphors with the correct doping concentrations of Er¥* and Yb3** (x =y =0, x
=0.05andy=0.45,x=0.1andy=0.2, x =0.2 and y = 0) were successfully prepared by the
microwave sol-gel method followed by heat treatment in the air. The synthesized particles
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDS). The optical properties were examined
comparatively using photoluminescence (PL) emission and Raman spectroscopy. The pump
power dependence and Commission Internationale de L'Eclairage (CIE) chromaticity

parameters of the UC emission were evaluated in detail.

2. Experimental methods

In this study, precise amounts of the raw materials were used by the products of Sigma-
Aldrich (USA) for Ca(NOs3)2 -4H20 (99 %), NazMoO42H20 (99%), La(NOs)s-6H20 (99%),
Er(NO3)s:5H20  (99.9%), Yb(NOs3)s-:5H.0  (99.9%), Alfa Aesar (USA) for
(NH4)sM07024-4H20 (99%), Daejung Chemicals (Korea) for citric acid (99.5%), NH3-H20
(A.R.), ethylene glycol (A.R.) and distilled water were used to prepare NaCalLa(Mo00Oa4)s,

NaCal ao 8(M004)3:0.2Er%", NaCalag 7(M004)3:0.1Er3+,0.2Yb%, and



NaCal aos5(M004)3:0.05Er**,0.45Yb%" compositions. The reagents were taken in accordance
with the nominal composition of the designed compounds. For the preparation of the
compounds, initially 0.4 mol% Ca(NOs), 0.2 mol% Na:MoOs2H>0 and 0.143 mol%
(NH4)sM07024-4H20 were dissolved in 20 mL of ethylene glycol and 80 mL of 5M NH3-H>0
under vigorous stirring and heating. Subsequently, 0.4 mol% (1-x-y)La(NOz3)s-6H>0 with 0.4
mol% XEr(NO3)3-5H20 and 0.4 mol% yYb(NO3)z-5H20 (x =0.05and y = 0.45, x =0.1and y
=0.2, x=0.2 and y = 0) were dissolved in 100 mL of distilled water under vigorous stirring
and heating. At this stage, the citric acid was employed with the molar ratio of citric acid to
total metal ions of 2:1. Then, the two kind of transparent solutions were co-mixed together
with the vigorous stirring under heating at 80-100°C. Finally, the mixed solutions were
appeared as highly transparent and treated by the adjusting to pH = 7-8 using the addition of
citric acid or NH3z-H20. The co-mixed and adjusted solutions were moved into an oven for
microwave irradiation. The microwave operations for 30 min were conducted by the precise
controlling. The frequency was 2.45 GHz and the maximum output-power was 1250 W. After
the microwave process, the samples were treated in ultrasonicator for 10 min, and move into
a dry oven. The drying conditions were at 120°C and dried gels as a black color were
obtained. For the crystallization of the compounds, the black dried gels were heat-treated at
900°C for 16 h. Finally, the white pure NaCalLa(Mo0Oa4)3 and pink particles for the Er/Yb-
doped compositions were obtained. The chemical compositions of the final powder products
were confirmed by EDS measurements.

The powder diffraction data of the synthesized particles for Rietveld analysis were
collected over the range of 26 = 5-90° at room temperature with a D/MAX 2200 (Rigaku,
Japan) diffractometer (Cu-Ka radiation, 0-20 geometry). The step size of 20 was 0.02°, and
the counting time was 5 s per step. The microstructure and surface morphology of the

synthesized particles were observed using SEM (JSM-5600, JEOL, Japan). The PL spectra



were recorded using a spectrophotometer (Perkin Elmer LS55, UK) at room temperature.
Pump power dependence of the UC emission intensity was measured at working power from
20 to 110 mW levels. Raman spectra measurements were performed using a LabRam Aramis
(Horiba Jobin-Yvon, France) with the spectral resolution of 2 cm=. The 514.5-nm line of an
Ar ion laser was used as an excitation source; the power on the samples was kept at the 0.5

mW level to avoid the sample decomposition.

3. Results and discussion

The XRD patterns recorded from the synthesized molybdates are shown in Figures 1 and
1S-3S. In general, the patterns of solutions NCLM:XEr®* yYb®* are similar. The difference
profile plot of NCLM is shown in Fig. 1. The difference profile plots of NCLM:xEr3*,yYb?

are very similar to that of NCLM, as it is evident from the comparison of Figs. 1 and 1S-3S. *
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Fig. 1. The difference Rietveld plot of NCLM.



Rietveld refinement was performed using a TOPAS 4.2 package [40]. All diffraction peaks

were indexed by the tetragonal unit cell in space group 141/a with parameters close to those of

CaMo0s4 [41] and NaosLaosMoOs [42]. Therefore, these crystal structures were taken as a

starting model for the Rietveld refinement. The site of Ca or (Na/La) ion was taken as

occupied by Ca, Na, La, Er, Yb ions at fixed occupations according to the nominal

compositions. The refinement was stable and gave low R-factors (Table 1, Figs. 1 and 1S-

3S). The obtained atom coordinates and the main bond lengths can be found in Tables 1S and

Table 1. Main parameters of processing and refinement of the NCLM:XEr®*,yYb®" samples

Compound NCLM NCLM:0.2Er**  NCLM:0.1Er**,0.2Yb®" NCLM:0.05Er**,0.45Yb%"
X 0 0.2 0.1 0.05
y 0 0 0.2 0.45
Sp. gr. 141/a 141/a 141/a 141/a
a, A 5.2991 (1) 5.2806 (2) 5.2675 (1) 5.2421 (1)
c, A 11.6223 (3)  11.5726 (3) 11.5377 (3) 11.4678 (2)
Vv, A3 326.37 (2) 322.70 (1) 320.13 (2) 315.17 (1)
z 4 4 4 4
20- 5-90 5-90 5-90 5-90
interval,
deg.
No. of
reflections "0 "0 0 70
No. of
refined 7 7 7 7
parameters
Rwp, % 19.46 16.75 15.65 15.06
Rp, % 13.39 11.30 10.31 9.97
Rexp, % 16.22 14.87 13.61 13.49
P 1.20 1.13 1.15 1.12
Rs, % 5.29 3.15 2.09 1.65




2S, respectively. In the compounds under consideration, Z = 4 and, from structural point of
view [43], total chemical formula calculated by summing all elements in unit cell
Nas/sCausslasixy)y3(M00a)s:4x/3Er¥* 4y/3YL% can be generalized as NaysCawyslagx-
y3M0O4:(x/3)Er®*,(y/3)Yb®* that clearly emphasizes the relation of the solid solutions to the

CaMoOs structural family [41]. As an example, the structure of NCLM is shown in Fig. 2.

(Na/Ca/La)O,
Mo, —2—=—

Fig. 2. The crystal structure of NCLM. The unit cell is outlined.



The linear cell volume increase on the averaged increase of ion radii
IR(Na/Ca/La/Er/YDb), as shown in Fig. 3, proves the chemical compositions of the
synthesized samples [44]. On the base of the structural results, it can be reasonably supposed
that different triple molybdates with general composition NaRLn(MoOa)s should crystallize
in tetragonal structures close to that of CaMoQO4 and the general formula should be rewritten
as NayzR13LnzMoOs. Further details of the crystal structure may be obtained from
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)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-

431015-431018.
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NCLM: xEr¥*,yYb3* (red) and NagsLaosMoO4 (blue) [42] compounds.



Thus, the post heat-treatment plays an important role in the molybdate gel crystallization.
To reach a high-quality crystalline state, the samples need to be heat treated at 900°C for 16
h. 1t should be pointed that this temperature is optimal for molybdate treatment in the air and,
earlier, other simple and complex molybdates were formed at close temperatures [6,7,9,37-
39,45-47]. Besides excellent crystallinity, the selected synthesis route provides very uniform
particle morphology. The SEM images of the synthesized (a) NCLM:0.2Er®* and (b)
NCLM:0.05Er%*,0.45Yb®" particles are shown in Fig. 4. The as-synthesized samples are well
formed with a fine and homogeneous morphology and the particle size of 2-3 pum. The
samples have no discrepancy in the aspect of morphological feature, and closely
agglomerated particles were induced by the active grain interdiffusion [48-50]. It should be
noted that the doping concentrations of Er®* and Yb®' have no effects for the particle
morphology. The recorded EDS patterns and quantitative compositions of the
NCLM:0.1Er%*,0.2Yb®*" sample are shown in Fig. 4S and Table 3S. Only constituent elements
are found in the samples and the quantitative compositions are in good relation with nominal
compositions. Thus, the microwave sol-gel method of the triple molybdate preparation
provides the energy uniformly over the material bulk, and the fine particles with controlled
morphology can be fabricated for a short time. The method is an inexpensive way to fabricate
highly homogeneous powder products with an easy scale-up and it is a viable alternative for
the rapid synthesis of UC particles. This suggests that the microwave sol-gel route is suitable
for the creation of homogeneous NCLM:XEr®*,yYb®" crystallites and it can be successfully

applied for other molybdates from this crystal family.
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Fig. 4. Scanning electron microscopy images of the synthesized (a) NCLM:0.2Er%" and (b)

NCLM:0.05Er%*,0.45Yb*" particles.

The UC photoluminescence emission spectra of the as-prepared NCLM, NCLM:0.2Er®",
NCLM:0.1Er**,0.2Yb*" and NCLM:0.05Er%*,0.45Yb%" particles excited under 980 nm at
room temperature are shown in Fig. 5. The UC NCLM:0.1Er**,0.2Yb%* and

NCLM:0.05Er%*,0.45Yb*" particles exhibited a strong 525-nm emission band, a weaker 550-
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Fig. 5. The upconversion photoluminescence emission spectra of (@) NCLM, (b)

NCLM:0.2Er®*, (c) NCLM:0.1Er¥*,0.2Yb%*", and (d) NCLM:0.05Er",0.45Yb®*" particles

excited under 980 nm at room temperature. Logarithmic scale is used along vertical axis.

nm emission band in the green region and three very weak emission bands: at 655 nm in the
red region, at 490 nm in the blue, and at 410 nm in the violet region. The strong 525-nm
emission band and the weak 550-nm emission band in the green region correspond to the
2Hi12 — *lisz and #Szz — “*lispz transitions, respectively, while the very weak emission 655-
nm band in the red region corresponds to the *Fg;2 — *l15/2 transition. Another very weak band
at 410 nm is due to 2Hoz — “l1s2 transition, while 490 nm peak is due to “Fop — “*lisp2
transition. It must be noted that in the sample d) the shortest-wavelength band at 410 nm is

only two times smaller than the red one, despite the fact that three-stage process is necessary

12



to excite ?Hoy2 level. The mechanism of excitation of this level might be the energy transfer
from Yb excited state to Er *Fg, level, since energy difference between *Fg, and 2Hgy; is close
to the energy of excited Yb ion. However, since *Fg, population is likely to be low, the most
probable excitation channel is the population of a pair of high-lying levels *Gg/ and 2Kis
from well-populated #Sz/> level through the energy transfer from Yb ion, with the subsequent
decay of these high-lying levels to 2Hg2 one.

The UC intensities of NCLM were not detected. The UC intensities of NCLM:0.2Er%*
are well above the detection limit; however, they are one or two orders of magnitude smaller
than those of the Yb-doped samples, and, hence, the UC luminescence for an Er-doped
sample is not well seen in Fig. 5. The UC luminescence is observed from all levels: 2Hii
“Sar and even from “Fgp. The intensity ratio of green and red lines is 1.4 for sample (b), 30
for sample (c) and 56 for sample (d). At the same time, the ratio of UC green band peak
values for samples (d) and (b) is 92. The latter effect admits that the absorption coefficient of
erbium at 980 nm is much smaller than that of ytterbium in the matrix under study. The
green-to-red ratio variation with the ytterbium content increase is rather common and it was
observed earlier for several hosts [15-17,37-39].

The Er®* ion activator is the luminescence center of these UC particles and sensitizer
Yb® effectively enhances the UC luminescence intensity because of the efficient energy
transfer from Yb®* to Er**. The concentration quenching effect can be explained by the
energy transfer between the nearest Er®* and Yb®" ions. With increasing Er®* and Yb®" ion
concentrations, the distance between Er®* and Yb?" ions decrease, which can promote a non-
radiative energy transfer, such as an exchange interaction or multipole-multipole interactions
[51]. As shown in Fig. 5, the higher intensity of (d) NCLM:0.05Er*,0.45Yb%" is caused by
the ratio of Yb3*:Er®* = 9:1, while the lower intensity of (c) NCLM:0.1Er®*,0.2Yb%" is caused

by the ratio of Yb3":Er¥* = 2:1. Thus, the preferable Yb3":Er®* = 9:1 ratio is induced by the

13



concentration quenching effect of Er®* ions. Therefore, the higher content of the Yb®" ions
used as a sensitizer and a lower content of the Er3* ions close to the preferable ratio of
Yb**:Er** = 9:1 can remarkably enhance the UC luminescence through the efficient energy
transfer. The ratio of the 2Hiiz — *lis2 and “Szz — “*lisp2 transitions intensities may be
influenced not only by the change in radiation probabilities from starting levels, but also by
the probabilities of the non-radiative relaxation from the UC-populated *F7/, level. Because
the life time of the *F7z level is comparatively short, the excited Er®* ions decay non-
radiatively to the Hi1/2 level with a higher probability, as compared to the “Szy2 level, in the
case of the NCLM host matrix.

The logarithmic scale dependences of the UC emission intensities at 525, 550 and 655
nm on the working pump power over the range of 20 to 110 mW in the
NCLM:0.05Er%*,0.45Yb*" sample are shown in Fig. 6. In the UC process, UC emission
intensity | is proportional to the slope value n of the irradiation pumping power P. Maximum
value of n is the number of pumping photons required to reach the starting energy level in the
UC ion and produce UC emission [52]:
| o< P (1)

Lnl o< nLnP 2

The slopes n = 1.70 and 1.68 for green emission at 525 and 550 nm, and n = 1.56 for red
emission at 655 nm, respectively, are evident from Fig. 5. These results exhibit that the UC
mechanism of the green and red emissions can be explained by a two-photon UC process in

the Er¥*/Yb3* co-doped phosphors [53-55].
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Fig. 6. The logarithmic scale dependence of the upconversion emission intensity on the pump
power in the range from 20 to 110 mW at 525, 550, 655 and 410 nm in the

NCLM:0.05Er%*,0.45Yb*" sample.

Based on the results of the analysis of pump power dependence, the schematic energy
level diagrams of Er®* ions (activator) and Yb** ions (sensitizer) in the NCLM:xEr3* yYb®*
samples and the UC mechanisms, accounting for the green and red emissions excited by the
980 nm laser wavelength, are shown in Fig. 7. The UC emissions are generated via multiple
processes of ground state absorption (GSA), energy transfer upconversion (ETU), excited
state absorption (ESA) and cross relaxation (CR). Under the excitation at 980 nm, the Er®*
and Yb%* ions are initially excited from the ground state to the excited state through the
ground state absorptions (GSA) process (Er*: *lisp — *l1z, Yb%*: 2F72 — 2Fsp2) and ETU

processes of 4lis2 (Er®*) + 2Fs2 (Yb®) — 4luas2 (Er®) + 2F72 (Y03 which are responsible for

15
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Fig. 7. The schematic energy level diagrams of Yb®" (sensitizer) and Er** ions (activator) ions
in the NCLM:XEr®* yYb®" system and the upconversion mechanisms of the green and red

emissions under 980 nm laser excitation.

the population at the #1112 level in the Er®* ion. For the green emissions, the energy transition
from the *l11/2 level to the “F712 level of Er®* is involved into the three possible processes [53-
55]; (1) ESA: *l112 (Er®") + a photon (980 nm) — *Fz2, (2) ETU: 2l1112 (Er**) + 2Fsp (Yb®) —
“F7r2 (Er®Y) + 2F72 (YD) and (3) ETU: *lusz (Er®Y) + 4l (Er®Y) — “Fri2 (Er¥) + *lusz (ErY).
These three possible processes can populate the *F7y, level from the *l11/2 level in Er®* and,
then, the *F712 level relaxes rapidly and non-radiatively to the next lower 2Hi1/2 and #Sg2 levels
in Er¥* because of the short lifetime of the “F7, level. As a result, the radiative transitions of

2H11/2 — *l1si2 and #Sz2 — *l1s/2 processes can generate the green emission at 525 and 550 nm.
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Strong suppression of red UC luminescence in the host under study is similar to the effect in
the earlier studied CaGd2(M004)4:Er,Yb and CaGd2(WOa4)4:Er,Yb systems and differentiates
this host class from a number of others. For the red emission, the *Fo/ level population is
generated by non-radiative relaxation either 1) from the %Sz to the *Foy, level or 2) from li1/2
to liz2, then pumping to *For2, as well as cross relaxation (CR) via either 3) *F72 + *li1p —
*For2 + *Fop2 transition [51-53] or 4) Sap + *lisi2 = *lor2 + *l13p, then pumping to *Fer2 [56].
Finally, the *Fo/ level relaxes radiatively to the ground state at the *I1s/2 level, and releases the
red emission at 655 nm [37-39]. The radiation-free transitions 1) and 2) must not strongly
vary from one oxide host to another, and, then. they cannot provide such significant
difference between the red and green luminescence in the selected group of hosts.
Consequently, processes 1) and 2) must be deduced to play a negligible role in host class
under study. So, intense red luminescence at Er/Yb ratio 3/8 is most likely, due to one of the
mentioned cross-relaxation channels [54]. The 3) *Fzz + #1112 = *For + *For2 cross-relaxation
will be very weak since *F7, has a comparatively short life time and its radiationless
depopulation to “Szz and 2Hiiz levels is rather fast, which may explain the weak red
luminescence in our host. For the 4) population channel, weak red UCL is explainable by the
suggestion that, in our host, detuning between the energy of Sz state and the sum of
energies of “lg2 and “*l13/2 states is not so favorable [54]. Moreover, as Yb3* concentration
increases, the green emission dramatically increases, compared to the red emission. The
strong 525-nm and 550-nm emission lines in the green region, as shown in Figure 5, are
assigned to the 2Hi1> — *l1s;2 and *Szi2 — *l1s2 transitions of the Er®* ions, respectively, while
the weak 655-nm emission band in the red region is assigned to the *Forz — *l15/2 transition.
The calculated chromaticity coordinates calculated for (a) NCLM:0.1Er*,0.2Yb%" and
(b) NCLM:0.05Er**,0.45Yb*" particles and the related CIE chromaticity diagram are shown

in Fig. 8. The legend in Figure 8(B) shows the chromaticity points for the samples (a) and (b).

17



When the Er¥*/Yb** concentration ratio is varied, the chromaticity coordinate values (X, y) are
changed. As shown in Fig. 8(A), the calculated chromaticity coordinates x = 0.227 and y =
0.686 for (a) NCLM:0.1Er**,0.2Yb* and x = 0206 and y = 0.727 for (b)

NCLM:0.05Er%*,0.45Yb*" correspond to the yellowish-green sector in the CIE diagram.
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Fig. 8. (A) Calculated chromaticity coordinates (x, y) values and the (B) CIE chromaticity
diagram for the NCLM:xXEr¥*,yYb** phosphors. The emission points for the sample (a)

NCLM:0.1Er*,0.2Yb**, and (b) NCLM:0.05Er®*,0.45Y b3 particles are shown in the inset.

The Raman spectra of the synthesized pure NCLM, NCLM:0.2Er®,

NCLM:0.1Er3*,0.2Yb%*" and NCLM:0.05Er3*,0.45Yb3" particles are shown in Fig. 9. As to

pure NCLM, the well-resolved sharp peaks clearly indicate a high crystalline state of the
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Fig. 9. Emission (Raman and luminescence) spectra of the synthesized (black) NCLM, (red)
NCLM:0.2Er®*, (blue) NCLM:0.1Er**,0.2Yb*, and (green) NCLM:0.05Er**,0.45Yb%"
particles excited by the 514.5-nm line of an Ar ion laser at 0.5 mW. Luminescence from

Hy172 and *Sa2 multiplets of Er®* jon is indicated.

synthesized particles. The symmetry and frequencies of all observed modes in the Raman
spectrum of pure NCLM in comparison with Raman of isostructural CaMoO4>"%® are
presented in Table 2. The decomposition of spectral regions corresponding to the bending and

stretching vibrations of MoOjs tetrahedra is show in Fig. 10.
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Table 2. Notation and wavenumber values (cm-1) of the active Raman lines in (a) NCLM, (b)

NCLM:0.2Er®*, () NCLM:0.1Er®*,0.2Yb®* and (d) NCLM:0.05Er%*,0.45Yb3*

exp. calc. exp.
Symmetry CalLaz
Number CaMo0O4
type (a) (b) (©) (d) (M0O4)4
[57,58]
[7]

1 Aq 885 881 907 874 895 877 906
2 By 829 822 849 826 841 845 828
3 Eq 77 785 804 779 798 792 762
4 By 390 398 420 424 430 402 393
5 Eq 380 371 378 384 388 391 377
6 By 332 330 328 315 328 327 333
7 Ag 318 326 348 343 347 321 317
8 Eq 255 241 257 267 272 267 251
9 By 228 231 219 229 229 214
10 Aq 195 202 193 200 202 204 193
11 Eq 190? 183 186 192 196 189
12 By 141 142 149 151 152 143
13 Eq 125 127 131 134 137 111
14 By 96 96 90 95 95
15 Eq 79 80 83 85
16 By 21 20 21.4 21.4
17 Eq 18 18 18.8 194
18 Bqg 18 19.7 19.6
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19 Eq 16 172 17.7
20 By 19.1 19.1
21 Eq 16.8 174

To perform the lattice dynamics (LD) simulation of investigated compounds the program

package LADY was used [59]. The atomic vibration frequencies were obtained using the

modified random-element-isodisplacement model [60]. Only the pair-wise interactions and

bond-stretching force constants A are considered. A depends on rij and the A(rij) dependencies

are the same for all atom pairs — A = Aexp(-rij/p), where rij is the interatomic distance, and A

and p are the parameters characterizing the selected pair interaction. To find model

parameters, the special optimization program was written and tested for several compounds

from different chemical classes [7,47,61-66]. The initial parameter values were accepted as

random ones and lattice stability conditions were taken into account. The resulting model
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Fig. 10. The decomposition of Raman spectra of NCLM in the regions of (a) bending and (b)

stretching vibrations of MoOj tetrahedra.
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parameters were obtained by minimization of residual difference values of the simulated and
experimental Raman frequencies of pure NCLM using the Fletcher—Reeves method [67]. In
the case of suspension of the Fletcher—Reeves algorithm because of the incompatible model
parameters, the initial model parameters were set random again. To obtain a satisfactory
agreement of experimental and calculated results, O—O intramolecular interactions within the
MoO; tetrahedral groups and O-O intermolecular interactions between neighboring MoO4
groups should be described within the different force constants, and the cation—cation
interactions can be neglected [68,69]. The model parameters obtained for pure NCLM are
shown in Table 4S. The simulations of NCLM:0.2Er¥*, NCLM:0.1Er**,0.2Yb%,
NCLM:0.05Er%*,0.45Yb%" were carried out using the same model parameters. The uniform
values of Er-O, Yb-O and La-O force constants were selected. The comparison of the
observed and calculated Raman modes of pure NCLM can be found in Table 2. Calculations
predict noticeable shifts of Raman frequencies in doped samples; the extent of these shifts is
in general agreement with the variation of Mo-O length according to the empirical formula by
Hardcastle [70]. However, the Raman signals measured for Er-doped compositions can not be
directly compared to the simulated results because of strong Er** luminescence, and the
experimental check must be the subject of a separate study.

By the group theory analysis, 17 active Raman modes were predicted for the NCLM
structure: Traman =3Ag + 7Bg + 7Eg; 19 active modes for NCLM:0.2Er*": T'raman =3Aq + 8Bg +
8Eg; 21 active modes for NCLM:0.1Er**,0.2Yb*" and NCLM:0.05Er**,0.45Yb%*: Traman =3Ag
+ 9Bg + 9Eg. As can be seen from Table 2, additional modes, in comparison with pure
molybdate, should be observed in the Raman spectra of Er,Y-doped compounds in the range
below 80 cm™. The most intensive band of the NCLM Raman spectrum found at 884 cm!
corresponds to the vi symmetric stretching vibration of the MoO4 group. The lines at 829 and

777 cm™! are related to the v3 antisymmetric stretching vibrations. The bending v> and va
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vibrations are situated in the wavenumber region of 300-400 cm™. The shape of the observed
normal vibration modes of tetrahedral MoOs groups was considered in Ref. 71. The
translation and rotational vibrations of MoOa are in the region of 150-260 cm™. The big
cation vibrations are below 150 cm™. As it can be seen from the comparison of Raman
spectra of pure NCLM and Calaz(MoOa)s’ shown in Fig. 5S, the positions of the bands
corresponding to the symmetric stretching of MoOs are a little different in these crystals. In
this case, according to the LD model presented above, Mo-O bonds should have different
lengths in these molybdates and this is confirmed by structural results (Table 2S). As to
Raman spectra of the doped samples recorded under the excitation at 514.5-nm, the Raman
lines are superimposed by strong Er®* luminescence lines. To consider the vibrational spectra
of the these samples, it is topical to use the excitation source with a drastically longer

wavelength that should avoid the excitation of Er®* ion optical transitions.

4. Conclusions

The triple molybdate NCLM:XEr®* yYb*" phosphors were successfully synthesized by
microwave sol-gel method. Well-crystallized particles formed after heat-treatment at 900°C
for 16 h showed a fine and homogeneous morphology with particle sizes of 2-3 um. Under
excitation at 980 nm, the UC doped particles exhibited a strong 525-nm emission band and
weak 550-nm emission band in the green region, which correspond to the ?Hi12 — *l1s12 and
4Sar2 — *l1sy2 transitions, and a very weak 655-nm emission band in the red region, which
corresponds to the *Fo;z — *l1s/2 transition. The preferable Yb®":Er®* ratio of 9:1 is controlled
by the concentration quenching effect in Er®* ions. The calculated slope value n indicated the
slopes of n = 1.70 and 1.68 for the green emission at 525 and 550 nm, respectively, and n =
1.56 for the red emission at 655 nm. The calculated chromaticity coordinates of the

NCLM:xEr¥*,yYb® phosphors are correspondent to the yellowish-green sector in CIE
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diagram. These results demonstrate high emitting efficiency NCLM:XEr**,yYb® UC
phosphors and new materials from this crystal family can be considered potentially as active

components in new optoelectronic devices and in the field of luminescent imaging.
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