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Abstract—We have synthesized new molybdates, Cs2LnZrTi(MoO4)6.5 (Ln = Eu + Yb, Eu + Dy, and Gd +
Dy lanthanides), containing pairs of rare-earth elements in the ratio 1 : 1. The synthesized compounds have
been shown to be single-phase and isostructural with each other. We have determined their crystallographic
characteristics and assessed their thermal stability. In the dysprosium-containing molybdates, the Dy3+ lumi-
nescence intensity is low as a result of concentration quenching. The molybdate containing the Eu + Dy pair
of rare-earth elements shows predominant high-intensity luminescence in the red spectral region. In addition
to usual infrared emission due to ytterbium, the Eu + Yb compound demonstrates emission in the ultraviolet
spectral region. We have measured luminescence decay kinetic characteristics at the peak emission wave-
lengths. In the case of the molybdate containing the Eu + Yb pair of rare-earth elements, energy transfer from
europium ions to ytterbium has been observed. We have demonstrated high-intensity luminescence that can
be excited both on intraconfigurational transitions and in the region of charge transfer bands of oxygen–
molybdenum complexes.

Keywords: molybdates, X-ray diffraction, differential scanning calorimetry, optical spectroscopy
DOI: 10.1134/S0020168521010040

INTRODUCTION

Designing mercury-free luminescent lamps
requires novel phosphors suitable for light intensity
measurements in the vacuum ultraviolet region. One
possible approach to improving the efficiency of phos-
phors is to utilize the cascade photon emission effect
(quantum cutting effect), in which a rare-earth ion
excited by one high-energy photon emits a few lower-
energy photons. There are various potentially attrac-
tive pairs of rare-earth elements (REEs) that exhibit
quantum cutting as a consequence of interionic inter-
action and cross-relaxation processes [1–8]. The
quantum yield of phosphors where this mechanism is
possible often exceeds 100%. In particular, Kroupa
et al. [1] demonstrated that Yb3+-doped metal-halide
perovskite thin films offered a quantum yield as high as
190%. Framework structures of borates, tungstates,
and molybdates containing trivalent and rare-earth
ions can be attractive hosts for phosphors [4–16]. The
incorporation of a pair of REEs into such structures is
expected to enable the preparation of materials that
exhibit cascade photon emission as a consequence of
interaction between the rare-earth ions. Tushinova
et al. [17] obtained data on phase relations in systems

of cesium, lanthanide, and zirconium molybdates and
demonstrated the formation of the
Cs2LnZr2(MoO4)6.5 (Ln = Nd, Sm, Tb, Er) phases.

In this paper, we present our results on the optical,
crystallographic, and thermal properties of molyb-
dates containing pairs of REEs in the ratio 1 : 1,
namely, Cs2LnZrTi(MoO4)6.5 (Ln = Eu + Yb, Eu +
Dy, and Gd + Dy).

EXPERIMENTAL
The starting chemicals used for the synthesis of the

molybdates were Cs2MoO4 (pure grade), MoO3
(reagent grade), Ln2O3 (99.9+% purity), and ZrO2
prepared by calcining pure-grade ZrOCl2 ⋅ 8H2O. The
Ln2(MoO4)3 and Zr(MoO4)2 molybdates were pre-
pared by solid-state reactions via stepwise firing in the
temperature range from 350 to 750°C for 100 h. Stoi-
chiometric amounts of appropriate reagents were fired
with homogenization of the mixture every 50°C. The
Cs2LnZrTi(MoO4)6.5 (Ln = Eu + Yb, Eu + Dy, Gd +
Dy) mixed molybdates were synthesized in the tem-
perature range 350–600°C. The synthesis time was
100 h.
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Table 1. Crystallographic characteristics of the Cs2LnZrTi(MoO4)6.5 (Ln = Eu + Yb, Eu + Dy, Gd + Dy) compounds

Compound a, Å c, Å V, Å3

Cs2Eu0.5Yb0.5ZrTi(MoO4)6.5 13.2536(6) 11.9521(3) 1818.2(1)
Cs2Gd0.5Dy0.5ZrTi(MoO4)6.5 13.2744(3) 11.9498(7) 1823.5(1)
Cs2Eu0.5Dy0.5ZrTi(MoO4)6.5 13.2879(7) 11.9456(9) 1826.6(1)
Equilibration was ascertained by X-ray diffraction
on a Bruker AXS D8 Advance automatic powder dif-
fractometer (CuKα radiation, diffracted-beam mono-
chromator, VANTEC high-speed position-sensitive
detector, maximum angle 2θ = 100°, scan step in the
range 0.01°–0.02°).

The unit-cell parameters of the synthesized com-
pounds were determined using crystallographic data
for isostructural compounds [17]. Calculations were
performed using lines in X-ray powder diffraction pat-
terns of ternary molybdates, the TOPAS 4.2 software
suite, and experimental data acquired in the angular
range 2θ = 8°–100° at a temperature of 300 K. Peak
positions were determined with EVA software
(Bruker).

The molybdates were characterized by thermal
analysis using a Netzsch STA 449 F1 Jupiter simulta-
neous thermal analysis system (argon atmosphere,
platinum crucibles). Samples weighing 17–20 mg were
heated at a rate of 10 K/min.

Emission, luminescence excitation, and optical
density spectra of polycrystalline mixed molybdate
samples were measured on a PerkinElmer LS 55 lumi-
nescence spectrometer and Lambda 950 spectropho-
tometer, respectively. During the acquisition of the
emission and excitation spectra, the sample was
located in a quartz f lask, which was placed in a quartz
immersion cryostat. In measurements of absorption
INORGANIC MATERIALS  Vol. 57  No. 1  2021

Fig. 1. DSC heating curves of the Cs2LnZrTi(MoO4)6.5
(Ln = Yb, Eu + Yb, Eu + Dy, Gd + Dy) samples.
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spectra, a sample in a quartz ampule was placed in the
center of an integrating sphere for the PerkinElmer
Lambda 950 spectrophotometer. The excitation,
luminescence, and optical absorption spectra were
measured in the range from 200 to 2500 nm.

RESULTS AND DISCUSSION

The ceramic samples prepared by us were single-
phase and formed a series of isostructural compounds.
Using the TOPAS 4.2 software suite, we determined
their unit-cell parameters and volume in the triclinic
crystal system (Table 1).

Thermal characterization of the molybdates by differ-
ential scanning calorimetry (DSC) during heating and
cooling showed that all of the compounds exhibited one
endothermic event, corresponding to their melting
(Fig. 1). The melting points of the Cs2LnZrTi(MoO4)6.5
(Ln = Eu + Yb, Gd + Dy, Eu + Dy) molybdates are
559, 559, and 557°C, respectively.

We measured the excitation and luminescence
spectra of the Cs2Eu0.5Dy0.5ZrTi(MoO4)6.5 sample in
the ranges 200–500 and 420–700 nm, respectively
(Fig. 2a). The results demonstrate low emission inten-
sity of Dy3+ as a result of concentration quenching.

The excitation spectra of the
Cs2Eu0.5Dy0.5ZrTi(MoO4)6.5 sample (200–500 nm)
are typical of the Eu3+ ion and show strong bands at
395 and 465 nm (Fig. 2b). We observe predominant
high-intensity luminescence in the red spectral
region, due to Eu3+ f–f transitions, with the strongest
band at ~617 nm.

Figure 3 shows the excitation, luminescence, and
optical density spectra of Cs2Eu0.5Yb0.5ZrTi(MoO4)6.5.
The excitation spectrum of Yb3+ contains bands aris-
ing from 4f–4f transitions of the europium ions and a
broad band at 350 nm, due to transitions of oxygen–
molybdenum complexes (Fig. 3a). Yb3+ luminescence
in the emission spectrum of this compound was
observed under excitation in a charge transfer band.
Thus, there was energy transfer from europium ions to
ytterbium and from oxygen–molybdenum complexes
to ytterbium ions. There was high-intensity lumines-
cence (Fig. 3b) arising from transitions within the 4f
shell of the ytterbium ions. Infrared emission observed
at room temperature fell in the range 950–1050 nm.
The strong ytterbium ion luminescence and optical
density bands correlated with each other.
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Fig. 2. Excitation and luminescence spectra of Cs2LnZrTi(MoO4)6.5 with Ln = (a) Gd + Dy and (b) Eu + Dy.
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Fig. 3. (a) Excitation, (b) luminescence, and optical density spectra of Cs2Eu0.5Yb0.5ZrTi(MoO4)6.5.
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The Cs2YbZrTi(MoO4)6.5 and
Cs2Eu0.5Yb0.5ZrTi(MoO4)6.5 samples have different
structures of the broad bands in the range 250–370 nm,
arising from charge transfer transitions. The excitation
spectra of Yb3+ f–f luminescence in Cs2YbZrTi(MoO4)6.5
show only one band, corresponding to slow intrinsic
emission, without a fast blue emission band (Fig. 4a).

At a temperature of 77 K, we studied in detail the
excitation and luminescence spectra of the Eu + Yb
sample. The spectra had two types of intrinsic lumi-
nescence bands excited in a charge transfer band: fast
emission, with a band at 440 nm (Fig. 4b), and slow
emission, in the range 570–670 nm (Fig. 4c).

Figure 5 shows photoluminescence decay kinetic
characteristics at the peak emission wavelengths under
excitation at λex = 280 and 325 nm. The decay time of
the luminescence (fast emission at λem = 440 nm) in
the ytterbium + europium sample ranges up to 500 ns.
INORGANIC MATERIALS  Vol. 57  No. 1  2021
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Fig. 4. (a) Excitation spectra of Cs2YbZrTi(MoO4)6.5 and Cs2Eu0.5Yb0.5ZrTi(MoO4)6.5 and (b, c) excitation and luminescence
spectra of Cs2Eu0.5Yb0.5ZrTi(MoO4)6.5: (b) fast and (c) slow emission components.
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Fig. 5. Luminescence decay kinetics: (1) fast and (2) slow emission components.
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The decay time of the slow emission (λem = 625 nm) at
an excitation wavelength of 325 nm is ~13 ms.

CONCLUSIONS
We have synthesized new molybdates contain-

ing pairs of REEs in the ratio 1 : 1, namely,
Cs2LnZrTi(MoO4)6.5 (Ln = Eu + Yb, Eu + Dy, and
Gd + Dy), which form a series of isostructural com-
pounds; determined their trigonal cell parameters
(sp. gr. R , Z = 6); and assessed their thermal stability.

The molybdates have been shown to exhibit high-
intensity luminescence that can be excited both on
intraconfigurational transitions and in the region of a
charge transfer band of oxygen–molybdenum com-
plexes. The Cs2LnZrTi(MoO4)6.5 (Ln = Eu + Yb,
Eu + Dy) phases, containing Eu3+ ions, demonstrate
bright red luminescence excited in the charge transfer
band. In the Dy-containing molybdates, the Dy3+

luminescence intensity is considerably lower as a result
of concentration quenching. Yb3+ luminescence in the
Cs2Eu0.5Yb0.5ZrTi(MoO4)6.5 Yb-containing molybdate
can be excited in a charge transfer band, with exci-
tation transfer from Eu3+ ions.

The synthesized molybdates show two types of
broadband intrinsic luminescence excited in a charge
transfer band: fast (blue) and slow (red) emission
components.

Polycrystalline hosts based on molybdates with
framework structures and containing pairs of RE ions
with efficient energy transfer between them are
expected to be attractive for use in UV-pumped light
emitting diodes.

ACKNOWLEDGMENTS

In this work, we used equipment at the Shared Research
Facilities Center, Buryat Scientific Center, Siberian
Branch, Russian Academy of Sciences, and at the Shared
Isotope Geochemistry Research Facilities Center, Vinogra-
dov Institute of Geochemistry, Siberian Branch, Russian
Academy of Sciences.

FUNDING

This work was supported by the Russian Federation
Ministry of Science and Higher Education (state research
target for the Baikal Institute of Nature Management, Sibe-
rian Branch, Russian Academy of Sciences, project
no. 0273-2021-0008) and in part by the Russian Foundation for
Basic Research (grant nos. 18-08-00799 and 18-03-00557).

REFERENCES
1. Kroupa, D.M., Roh, J.Y., Milstein, T.J., Creutz, S.E.,

and Gamelin, D.R., Quantum-cutting ytterbium-
doped CsPb(Cl1 – xBrx)3 perovskite thin films with pho-
toluminescence quantum yields over 190%, ACS Ener-

3

gy Lett., 2018, vol. 3, no. 10, pp. 2390–2395.
https://doi.org/10.1021/acsenergylett.8b01528

2. Maciel, G.S., Biswas, A., and Prasad, P.N., Infrared-
to-visible Eu3+ energy upconversion due to cooperative
energy transfer from an Yb3+ ion pair in a sol–gel pro-
cessed multi-component silica glass, Opt. Commun.,
2000, vol. 178, pp. 65–69.
https://doi.org/10.1016/S0030-4018(00)00615-5

3. Li Shanfeng, Zhang Min, Peng Yang, Zhang Qingyu,
and Zhao Mingshan, Rate equation model analysis on
the infrared and upconversion emission of Er/Yb co-
doped borate-silicate glass, J. Rare Earths, 2010,
vol. 28, no. 2, pp. 237–242.
https://doi.org/10.1016/S1002-0721(09)60087-9

4. Jubera, V., Garcia, A., Chaminade, J.P., Guillen, F.,
Sablayrolles, J., and Fouassier, C., Yb3+ and Yb3+–
Eu3+ luminescent properties of the Li2Lu5O4(BO3)3
phase, J. Lumin., 2007, vol. 124, pp. 10–14.
https://doi.org/10.1016/j.jlumin.2006.01.355

5. Strek, W., Deren, P.J., Bednarkiewicz, A., Kalisky, Y., and
Boulanger, P., Efficient up-conversion in KYbEu(WO4)2
crystal, J. Alloys Compd., 2000, vols. 300–301, pp. 180–
183.
https://doi.org/10.1016/S0925-8388(99)00719-7

6. Zhang, Q.Y. and Yang, C.H., Cooperative quantum cut-
ting in one-dimensional (YbxGd1 − x)Al3(BO3)4:Tb3+ na-
norods, Appl. Phys. Lett., 2007, vol. 90, paper 021107.
https://doi.org/10.1063/1.2430942

7. Boutinaud, P., Bettinelli, M., and Diaz, F., Interva-
lence charge transfer in Pr3+- and Tb3+-doped double
tungstate crystals KRE(WO4)2 (RE = Y, Gd, Yb, Lu),
Opt. Mater., 2010, vol. 32, no. 12, pp. 1659–1663.
https://doi.org/10.1016/j.optmat.2010.04.025

8. Cavalli, E., Angiuli, F., Boutinaud, P., and Mahiou, R.,
Optical spectroscopy and excited state dynamics of
CaMoO4:Pr3+, J. Solid State Chem., 2012, vol. 185,
pp. 136–142.
https://doi.org/10.1016/j.jssc.2011.11.004

9. Bazarov, B.G., Bazarova, J.G., Tushinova, Y.L., Solo-
vyov, L.A., Dorzhieva, S.G., Enkhtuul, S., and
Temuujin, J., A new double molybdate of erbium and
zirconium, its crystalline structure and properties, J.
Alloys Compd., 2017, vol. 701, pp. 750–753.
https://doi.org/10.1016/j.jallcom.2017.01.173

10. Sofich, D.O., Dorzhieva, S.G., Chimitova, O.D., Ba-
zarov, B.G., Tushinova, Yu.L., Bazarova, Zh.G., and
Shendrik, R.Yu., Hypersensitive 5D0–7F2 transition of
trivalent europium in double molybdates, Bull. Russ.
Acad. Sci.: Phys., 2019, vol. 83, no. 3, pp. 321–323.
https://doi.org/10.3103/S1062873819030225

11. Dorzhieva, S.G., Bazarov, B.G., Bush, A.A., and Ka-
mentsev, K.E., Preparation, dielectric and thermal
characteristics of a new series Cs–R–Ti-molybdates
(R = Al, Fe, Ga, Sc, In), Solid State Commun., 2015,
vol. 217, pp. 25–27.
https://doi.org/10.1016/j.ssc.2015.05.015

12. Sarapulova, A.E., Bazarov, B., Namsaraeva, T., Dor-
zhieva, S., Bazarova, J., Grossman, V., Bush, A.A.,
Antonyshyn, I., Schmidt, M., Bell, A.M.T., Knapp, M.,
Ehrengerg, H., Eckert, J., and Mikhailova, D., Possible
piezoelectric materials CsMZr0,5(MoO4)3 (M = Al, Sc,
V, Cr, Fe, Ga, In) and CsCrTi0.5(MoO4)3: structure
and physical properties, J. Phys. Chem. C, 2014,
INORGANIC MATERIALS  Vol. 57  No. 1  2021



OPTICAL PROPERTIES OF MOLYBDATES CONTAINING A COMBINATION 59
vol. 118, no. 4, pp. 1763–1773.
https://doi.org/10.1021/jp4077245

13. Kozhevnikova, N.M., Batueva, S.Yu., and
Gadirov, R.M., Luminescence properties of Eu3+-
doped K1 – xMg1 – xSc(Lu)1 + x(MoO4)3 (0 ≤ x ≤ 0.5)
solid solutions, Inorg. Mater., 2018, vol. 54, no. 5,
pp. 460–465.
https://doi.org/10.1134/S0020168518050072

14. Bazarova, J.G., Logvinova, A.V., Bazarov, B.G., Tush-
inova, Yu.L., Dorzhieva, S.G., and Temuujin, J., Syn-
thesis of new triple molybdates K5RZr(MoO4)6 (R =
Al, Cr, Fe, In, Sc) in the K2MoO4–R2(MoO4)3–
Zr(MoO4)2 systems, their structure and electrical prop-
erties, J. Alloys Compd., 2018, vol. 741, pp. 834–839.
https://doi.org/10.1016/j.jallcom.2018.01.208

15. Bazarova, J.G., Tushinova, Yu.L., Logvinova, A.V.,
Bazarov, B.G., Dorzhieva, S.G., and Bazarova, Ts.T.,
Synthesis, structure, and properties of K5RZr(MoO4)6

triple molybdates in the K2MoO4–R2(MoO4)3–
Zr(MoO4)2 (R = trivalent element) systems, Izv. Vyssh.
Uchebn. Zaved. Prikl. Khim. Biotekhnol., 2019, vol. 9,
no. 2, pp. 202–211.
https://doi.org/10.21285/2227-2925-2019-9-2-202-211

16. Sofich, D., Dorzhieva, S.G., Chimitova, O.D., Baza-
rov, B.G., Tushinova, Yu.L., Bazarova, J.G., and
Shendrik, R.Yu., Luminescence of Pr3+ and Nd3+ ions
in double molybdate, Phys. Solid State, 2019, vol. 61,
no. 5, pp. 844–846.
https://doi.org/10.1134/S1063783419050342

17. Tushinova, Yu.L., Bazarov, B.G., and Bazarova, J.G.,
Phase relations in the Cs2MoO4–Ln2(MoO4)3–
Zr(MoO4)2 (Ln = Nd, Sm, Tb, Er) systems, Vestn.
Buryatsk. Gosuniv., Khim., Fiz., 2013, no. 3, pp. 65–69.

Translated by O. Tsarev
INORGANIC MATERIALS  Vol. 57  No. 1  2021


	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES

		2021-03-11T15:35:45+0300
	Preflight Ticket Signature




