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Luminescence properties of nominally pure and doped with Eu®>* and Pr®* ions StMoOy single crystals grown by
the Czochralski method have been studied. Thermal quenching of intrinsic emission of pure and doped SrMoO4
single crystals has been observed, as well as a correlation of thermal quenching activation energies with rare-
earth ion concentration has been observed. Tunable laser was used to study time-resolved luminescence in a
range from 10 K to room temperature. The effect of dopant nature and concentration on intrinsic emission and

decay kinetics has been elucidated.

1. Introduction

Molybdates MMoO4 (M = Ca, Sr, Pb, Cd) are scheelite-type com-
pounds that have attracted interest in the light of various features,
mainly pertaining to photocatalysis and pigments, but also including
fluorescent and scintillating materials [1-4]. In particular, CaMoOy; is
known for its fluorescence ranging from blue to green emission,
depending on specific doping and crystallinity [5]. Optical and lumi-
nescence properties of rare-earth (RE) doped SrMoOy single crystals so
far have been studied poorly compared with other molybdates.

SrMoOy is a material with a 4.7 eV band gap [6] which exhibits
intrinsic luminescence due to transition from a filled 2p orbital of 0% to
an empty 4d orbital of Mo®* [7]. Trivalent rare-earth ions (RE3") sub-
stitute Sr>* because of similar radii which, however, causes the need to
compensate the mismatch of charges, for example, by using alkali metal
ions [8] for local charge compensation or pentavalent ions to substitute
Mo®t in the oxygen tetrahedra [9].

2. Experimental
2.1. Samples

SrMoOy single crystals studied in current research (Fig. 1) have been

grown utilizing the Czochralski method with a weight and growth
control program at Prokhorov General Physics Institute of the Russian
Academy of Sciences (Moscow, Russia). The details of the crystals’
growth have been reported in Ref. [9]. Pure and doped with PrNbO4
(1.0 wt%) and different concentrations of EuNbO4 (0.1 wt%, 0.22 wt%
and 0.5 wt%) single crystals have been studied. Doping with Pr®* and
Eu®" in form of niobate salts was implemented in order to achieve local
charge compensation as was described in Ref. [9].

2.2. Optical and luminescence measurements

Optical absorption spectra of the crystals have been measured at
room temperature with a Perkin Elmer Lambda 950 spectrophotometer.

Electron paramagnetic resonance (EPR) spectra have been recorded
utilizing a RE-1306 X-band spectrometer (Russia) with a frequency of
9.358 GHz. Magnetic field was oriented along c axis of the samples.
Double integrals of the EPR signal of each sample doped with different
Eu concentrations were calculated to obtain Fig. 3.

Luminescence excitation and emission spectra at room temperature
have been obtained using photoluminescence spectrometer FLS1000
(Edinburgh instruments). Time-resolved luminescence spectra, as well
as luminescence emission spectra under room temperature, have been
studied upon excitation by wavelength-tunable pulsed solid-state laser
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Ekspla NT342/3UV (210-2300 nm). The emission signal was detected
by the Andor iSTAR DH734-18 mm CCD camera coupled to the Andor
SR-303i-B spectrometer. Luminescence decay kinetics were measured by
a photomultiplier tube PG122 (time resolution better than 5 ns) and
digital oscilloscope Tektronix TDS 684A.

3. Results and discussion
3.1. Absorption

A visible change of colour has been observed in the single crystals of
SrMoO4 with increasing concentration of EuNbO4 where the most
intensive shade of brown belongs to the SrtM004:0.5% EuNbO4. Change
in colours is based on a broad absorption band in the region of 3 eV
(Fig. 2) which is absent in the case of nominally pure SrMoO4 single
crystal. With an increase of EuNbO4 concentration the intensity of this
absorption band increases, as well as the position of its maximum
changes towards the lesser energies. The absorption of divalent Eu ions
has been observed in the SrMoO4 matrix for the first time. However, a
similar wide band peaked at 2.5 eV has been previously observed in
CaMoOy single crystal, annealed in the reducing atmosphere [10].

This broad absorption band around 3 eV corresponds to 4f-5d tran-
sitions of Eu?* ions which replace Sr** ions in the SrMoO4 matrix.
Correspondence to Eu?* 4f-5d transitions has been made because the
intensity of the characteristic EPR signals of Eu?t [11] is dependent on
the absorption band area and the concentration of EuNbO4 accordingly
(Fig. 3). Due to 5d energy level of Eu?* being in the conduction band of
the crystal, the 4f-5d transition is optically inactive and does not pro-
duce luminescence by exciting the crystals at 3 eV.

The absorption spectrum of Pr doped single crystal is shown in the
supplementary materials (Fig. S1).

3.2. Luminescence properties

The luminescence properties of rare-earth doped SrMoO4 single
crystals are based on the luminescence of the molybdate complex, as
well as trivalent rare-earth ions. The luminescence emission spectra of
pure SrMoOy crystal at room temperature are shown in Fig. 4. The
luminescence excitation spectra of pure SrMoOy4 crystal at room tem-
perature with emission at 520 nm are shown in Fig. 5. Luminescence
excitation spectra of non-activated SrMoOy crystal are characterized by
a broad MoO3~ ligand-to-metal charge transfer (LMCT) band with
maximum intensity at 275-300 nm which has the same excitation
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Fig. 2. Absorption spectra of nominally pure and with Eu doped SrMoO4, single
crystals at room temperature.

mechanism as other molybdates [5-7], as well as tungstates and vana-
dates [7,12,13]. On the other hand, under excitation an electron trans-
fers from 02~ to Mo®", which creates electron-hole pairs on Mo and O
sites respectively within one anion complex. This may also be consid-
ered as a Frenkel exciton and LMCT band - as an excitonic band
accordingly. A less intensive broad excitation band is also present with a
maximum intensity at 360-370 nm. A possible explanation of a less
intensive broad with a red shift from the excitonic band is that it is
caused by a defect of a crystal which is acting as an electron trap in a
band gap of the SrMoOy4 single crystal. Based on the knowledge of other
complex oxides we assume that such defect can be F-type centers.
Therefore, it can be concluded that the luminescence emission spectrum
in Fig. 5 is formed due to the excitation of both the excitonic band and
the defect of the SrMoOj4 crystal.

The luminescence emission spectra of SrMoOy crystals doped with
different concentrations of Eu®* are shown in Fig. 6 and the lumines-
cence emission spectra of StMoO,, doped with Pr®* ions — in Fig. 8. By
exciting the single crystals studied in the LMCT broad band Eu®" and
Pr3* sharp 4f-4f lines are seen in the luminescence spectra which in-
dicates energy transfer to energy levels of rare-earth ions in the band
gap. Energy and terms of Eu>* and Pr®* 4f-4f lines correspond to the
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EuNbO,4

0.5 wt.%
EuMNbO 4

Fig. 1. Pure and doped SrMoO, as-grown crystals.
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Fig. 3. Dependency of Eu?* EPR integral intensity from the area of the ab-

sorption band in the region of 3 eV. The intensity of the EPR signal denoted as 1
has been taken as the relative intensity of an EPR signal in SrMoO4:Eu (0.5 wt
% EuNbOy,).
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Fig. 4. Luminescence spectrum of pure StMoO,4 crystal at room temperature
normalized at maximum luminescence intensity (luminescence excitation at
300 nm).

literature [3,6,14-16]. The emission lines of Eu®* correspond to 5Do-’F;
transitions, the most intensive ones being the transitions to energy levels
with terms °F and °Fy. Fig. 6 shows that in the case of SrMoOy single
crystal with the lowest Eu®" concentration a very broad band with low
intensity (550-580 nm) exists. This broad band corresponds to
non-intensive LMCT emission signifying the uncomplete energy transfer
from LMCT to Eu®* energy levels. LMCT emission band has a very low
intensity at room temperature.

As one sees from Fig. 6 also the ratio of intensities of the >Dg-F, lines
changes which is dependent on the Stark splitting of the “Fo energy
levels of Eu" ion under influence of the change of the crystal’s sym-
metry by increasing EuNbO4 concentration [6,17,18].

Luminescence excitation spectra of Eu-doped SrMoOy single crystals
(Fig. 7) consist of several sharp 4f-4f transitions of Eu®* ions from the 7F0
term. These 4f-4f transitions of Eu®" ions coincide with the literature
data and are characteristic of Eu®" ions [6,15,19]. The intensity of Eudt
4f-4f signals decreases greatly with the increase of EuNbO4 concentra-
tion due to concentration quenching of Eu®" ions.

A broad band in the UV region of the excitation spectra (Fig. 7)
represents the charge transfer process from 02 to Mo®". However, an
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Fig. 5. Luminescence excitation of pure SrMoOj, crystal at room temperature
normalized at maximum excitation intensity (luminescence emission at
520 nm).
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Fig. 6. Luminescence emission spectra at room temperature of SrMoOj, crystals
doped with different concentrations of Eu®*t (luminescence excitation 300 nm).
Luminescence spectra are normalized at maximum intensity.

increase in EuNbO4 concentration shifts the position of the LMCT band
towards the higher energies. This blue shift of the band happens when
the competitive process of the charge transfer from 0%~ to Eu®* occurs
[6,20,21]. The shift can also be assigned to another possible competitive
charge transfer from 0% to Nb°' [19]. The LMCT band also deforms
visibly because of several charge transfer processes competing with each
other.

The luminescence emission spectra (Fig. 8) of Pr-doped SrMoO4
show intensive Pr®* 4f-4f signals. By exciting the SrMoO,:Pr>* single
crystal in the LMCT band, a broad emission band of low intensity can be
observed in the region from 400 nm to 720 nm. This emission band
corresponds to the one observed in nominally pure SrMoO4 single
crystal (Fig. 4). The nature of the broad LMCT emission band with low
intensity is proven by the lack of it while exciting Pr®" ions directly
(transition 3H4—3P2). The luminescence excitation spectra of SrMoO4:Pr
single crystal (Fig. 9) consists of LMCT excitation band and Prit 4f-4f
lines, similarly as in the case of Eu-doped SrMoOy single crystals. The
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Fig. 7. Luminescence excitation spectra at room temperature of StMoOj, single
crystals doped with different concentrations of EuNbO,4 (luminescence emission
616 nm which corresponds to Eu®" transition 5D0—7F2). Luminescence spectra
are normalized at the maximum intensity of LMCT excitation band.
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Fig. 8. Luminescence emission spectra at room temperature of StMoQy4 crystals
doped with Pr®* (luminescence excitation 300 nm, which corresponds to LMCT
excitation band, and 448 nm, which corresponds to Pré* transition 2H4—°P,).
Luminescence spectra are normalized at maximum intensity.

intensity of the LMCT band is comparably lower in comparison with the
rare-earth ion signals than it is for Eu-doped single crystals.

3.3. Temperature dependency of luminescence

Thermal quenching of the LMCT band in the luminescence spectra
has been observed in pure and doped SrMoO4. The temperature de-
pendency of the emission excited in the LMCT band in the UV region is
shown in Figs. 10-12. The intensity of the luminescence emission de-
creases significantly already after 20 K with complete quenching at
room temperature. The intensity of the charge transfer band in Pr- and
Eu-doped single crystals is high enough to dominate the luminescence
spectra at low temperatures, making it impossible to elucidate whether
the intensity of 4f-4f transitions of rare-earth ions is temperature-
dependent in SrMoO;4 single crystals. However, it is clear from Fig. 12
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Fig. 9. Luminescence excitation spectra at room temperature of STMoO4 crys-
tals doped with Pr®* (luminescence emission 300 nm). Luminescence spectra
are normalized at maximum intensity.
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Fig. 10. The temperature dependency of the luminescence spectra of undoped
SrMoOy single crystal (luminescence excitation 300 nm).

that the intensity ratio of LMCT emission and Eu* signals is directly
dependent from the concentration of Eu®" in the single crystals (see
Fig. 12 and Figs. S2 and S3 in supplementary).

The thermal quenching of LMCT emission band can be explained
using the approximation of Mott-Seitz formula [22]. The Mott-Seitz
mechanism explains the thermal quenching by the competition of
radiative and non-radiative recombination. According to this model, the
light yield of luminescence emission is:

LY:;&‘7
14 C-e
where LY - luminescence light yield, E, — activation energy of thermal
quenching (eV), kg — Boltzmann constant (8.62:107° eV K’l), T — tem-
perature (K), C - constant.

By plotting the luminescence intensity logarithmic function Inl
versus reverse temperature 1/T thermal quenching activation energy
can be found from the slope of approximated function (example of a
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Fig. 11. The temperature dependency of SrMoO,4:Pr single crystal (lumines-
cence excitation 275 nm).
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Fig. 12. The temperature dependency of StMoO4:Eu (0.1 wt% EuNbOQy,) single
crystal (luminescence excitation 275 nm).
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Fig. 13. Temperature dependency of luminescence of LMCT band in Eu-doped
SrMoOy4 (0.1 wt% EuNbOy).
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graph in Fig. 13). Activation energies of pure and doped SrMoO4 single
crystals are compared in Table 1 and their dependency from dopant
concentration is compared in Fig. 14. It has been established that an
increase of rare-earth dopant concentration decreases necessary energy
for luminescence thermal quenching.

We propose that the decrease of activation energy values due to an
increased Eu®t content is happening similarly to the well-known
mechanism in semiconductors. The increase in the concentration of
impurities in semiconductors is followed by the lowering of the con-
duction band edge, the shift of the ground-state energy level of the donor
due to conduction electron screening as well as the broadening of the
impurity level [23-25]. In our opinion, this mechanism may also be
applied to SrMoOy;4 single crystals.

The temperature dependency of luminescence decay kinetics has also
been studied. Fig. 15 shows the decay kinetics of undoped SrMoO4 under
tunable laser excitations. The luminescence excitation of 250 nm cor-
responds to the band-to-band transition. The luminescence decay has a
form of the double exponential function with a fast component corre-
sponding to the influence of the laser as we assume. The slower
component of the luminescence decay is highly dependent from the
temperature of the single crystal, with luminescence decay rapidly
quickening at temperatures higher than 100 K.

Similar results have been obtained with the doped single crystals.
Decay times of intrinsic emission at different temperatures of pure and
doped SrMoO4 have been obtained and compared in Fig. 16. No de-
pendency has been observed between luminescence decay times of
intrinsic emission of doped and undoped SrMoOy single crystals and the
concentration of the dopant ions. We suggest that an identical crystalline
defect is present in all the studied SrMoOy single crystals. This way
recombination through the defect would occur with the same decay time
independent of rare-earth dopant nature and concentration.

4. Conclusions

The pure and doped with Prit (1.0 wt% PrNbO4) and different
concentrations of Eu>* (0.1 wt% EuNbOy,, 0.22 wt% EuNbO4 and 0.5 wt
% EuNbO4) SrMoOy single crystals were obtained by means of Czo-
chralski method. The broad intensive absorption band at 3 eV in Eu-
doped SrMoO, has been detected and explained by Eu?" center. Lumi-
nescence properties of pure and rare-earth doped SrMoO4 have been
studied. Temperature dependency of the intrinsic emission of both
doped and undoped SrMoO4 has been measured, as well as activation
energies of thermal quenching of luminescence have been calculated.
Temperature dependencies of decay times of intrinsic luminescence
both in undoped and doped SrMoO4 single crystals have been measured.
The independence of the temperature behavior of decay time of intrinsic
luminescence from rare-earth dopants is explained by relaxation of ex-
citations through defect states which are similar in all StMoOj, single
crystals studied.
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Activation energies of luminescence thermal quenching
in SrMoO, single crystals.

Dopant E, (meV)
- 70
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