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A B S T R A C T

The present work reports a systematic study on the effects of the synthesis methodology and post-synthesis
treatments on the optical and magnetic properties of SrMoO4 phosphors. The powders were prepared through
co-precipitation (SMO1) and co-precipitation processed in a microwave-hydrothermal system (SMO2), with
some of them submitted to heat treatment and beta particles irradiation. The irradiation and heat treatment
affected SMO1 and SMO2 structures differently, but without modifying the scheelite type crystalline phase.
The Rietveld refinement, Raman, FTIR data, and the TEM images indicated that the SMO1 samples are
more disordered than SMO2, where the MHA treatment promotes higher-ordered materials. Under 280 nm
and 359 nm excitation, the PL profile and intensity at room temperature are directly related to the sample
order. Magnetization results confirm room temperature ferromagnetism for as-prepared and irradiated SMO1
samples with a magnetic moment of 0.15 and 0.05 emu/g, respectively. The as-prepared SMO2 sample shows
diamagnetic behavior, and the SMO2 1.2 Gy sample presents a ferromagnetic response with a saturation
magnetic moment of approximately 0.005 emu/g. The ferromagnetic behavior disappears after the heat
treatment. Our results highlight the role of the density and distribution of structural defects such as oxygen
vacancies in triggering ferromagnetism in SrMoO4 compounds. The findings of this study reveal that the
magnetic properties of the SrMoO4 are susceptible to the preparation conditions and post-synthesis treatments.
The coalescence of magnetic and optical properties in the SrMoO4 compounds demonstrates that the properties
of the samples can be modulated through synthetic methods or external influences, making it a viable candidate
for several technological applications, including optoelectronic devices.
1. Introduction

Molybdates with general formulae AMoO4 (A = Ba, Sr, Ca, and
others) comprise a remarkable class of ceramic materials that exhibit
distinct functional properties [1,2]. SrMoO4 crystallizes in the scheelite
structure pertaining to the tetragonal space group I41/a [3]. The
SrMoO4 compounds exhibit outstanding luminescence output at room
temperature and have found importance in the optoelectronic [4], gas
sensor [5,6], optical devices [7–9], catalysts [10], and scintillation
detectors [11,12]. The remarkable structural properties, emerging from
different synthesis methodologies and treatments, affect the properties
of the materials and provide a strong motivation towards reaching a
deep understanding of SrMoO4 behavior.

∗ Corresponding author.
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The crystallization process, particle size, and particle morphology
highly determine the optical, electrical, magnetic, and mechanical
properties of the nanoparticles. Regarding SrMoO4 optical properties,
it is a broadband phosphor, with the photons emission occurring from
the red to the blue spectral region. Optical emissions are believed to be
related to electronic transitions of the [MoO4]2– complexes and defect
centers present in the material [9,13–15]. The photoluminescence
spectra registered in molybdates give insight that recombination in
deep hole defects is responsible for the green, yellow, orange, and
red wavelength photons emissions, while shallower hole recombination
produces the blue and violet emissions at room temperature [16]. The
light output efficiency and emission profile depend on the concentra-
tion and distribution of surface defect states [9,17]. The luminescence
vailable online 29 July 2022
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behavior of scheelite structured SrMoO4 compounds is extensively
studied in the literature, whereas few reports investigate their magnetic
properties.

The origin of unexpected magnetism at room temperature identi-
fied in unconventional materials, which have entirely empty or full
d and f bands, have attracted great deal of interest in the scientific
community [18]. The unusual magnetic behavior has been associated
with the reduced dimensions of particles, the distance between atoms,
structural disorder, and defects, including oxygen vacancies [19–24]. In
the case of oxygen vacancies, they can provoke the exchange interac-
tion between the spins of unpaired electrons present at the nanoparticle
surface [18,25]. The ferromagnetic order at room temperature was
also observed in some non-magnetic undoped molybdates, including
BaMoO4 and SrMoO4 [25–27]. SrMoO4 samples synthesized by the
sonochemical method display ferromagnetic performance at room tem-
perature [26]. Muralidharan et al. (2016) synthesized SrMoO4 powders
by the chemical precipitation method and reported that SrMoO4 pow-
ders, with 4.36 eV band gap, display paramagnetic behavior while the
SrMoO4 samples doped with Cr ions show ferromagnetic behavior [22].
Recently, Muralidharan and Sivaji (2020) synthesized SrMoO4, by the
chemical precipitation method, with 4.25 eV band-gap, and observed
the occurrence of ferromagnetic ordering at room temperature at-
tributed to oxygen vacancies [25]. The degree of the lattice structural
order–disorder affects the intermediary energy levels density and posi-
tion, impacting the band gap energy value. These defects states within
the band gap can be induced by impurities, oxygen vacancies, or
distortions of the [MoO4] tetrahedron. The concentration and distri-
bution of the intermediary energy levels are extremely sensitive to
the conditions and synthesis method, and the applied post-synthetic
treatments used to tune defects in a controllable way in the samples,
such as heat treatment or ion beam irradiation [23]. Many works in
the literature reported on the dependence of ferromagnetism ordering
with the defect distribution and density in several compounds [23],
and to our present body of knowledge, these aspects remain unknown
for SrMoO4 compounds. In this work, we investigate the structural,
morphological, optical, and magnetic properties of SrMoO4 powders
synthesized by co-precipitation and co-precipitation followed by the
MAH method. In order to achieve distinct defects density and distribu-
tion, the samples were submitted to thermal treatment and irradiation
with beta particles.

2. Materials and methods

2.1. Synthesis and treatments of the SrMoO4 powders

Molybdenum trioxide (MoO3) (Alfa Aesar, 99.95%), strontium ac-
etate

((CH3CO2)2Sr) (Alfa Aesar, 99%), KOH and distilled water were
used to synthesize the SrMoO4 powders. As described in our previ-
ous works, the samples were synthesized using the co-precipitation
method [9,17]. The methodology can be described as follows: 5 × 10−3

mol of MoO3 was dissolved in approximately 50 mL of distilled water
under vigorous stirring. After 5 × 10−3 mL of (CH3CO2)2Sr was added
under constant stirring, and KOH was employed to adjust the pH of
the solution to 12. For the SMO1 sample, the solid precipitate was
collected, washed with water and ethanol, and dried at 60◦ C. In the
case of the SMO2 sample an additional Microwave-Assisted Hydrother-
mal (MAH) treatment was employed. The synthesis and treatment
procedures for each sample are illustrated in Fig. 1

Irradiation with beta particles and heating treatments were em-
ployed to obtain SMO1 and SMO2 samples with different degrees of
defects density and distribution. The as-prepared SMO1 and SMO2
powders were exposed to a dose of 1.2 Gy from a 90Sr/90Y beta
articles source with an activity of 1.48 GBq build-in a Risø TL/OSL
eader, model DA-20. SMO1 and SMO2 samples were also irradiated
ith 1.2 Gy beta particles followed by two consecutive heating cycles
2

Table 1
SrMoO4 (SMO) sample code, absorbed dose due to irradiation with beta particles
and heat treatment. SMO1 stands for samples produced by co-precipitation and
SMO2 for samples produced by co-precipitation and submitted to microwave-assisted
hydrothermal (MAH).

Sample

Name Absorbed Dose TL readout Heating rate number of
(mGy) until 873 K (K/s) heating cycles

SMO1
as-prepared 0 No −− −−
1.2 Gy 1.2 No −− −−
1.2 Gy + 3 K/s 1.2 Yes 3 2
0.5 K/s 0 Yes 0.5 1
3 K/s 0 Yes 3 2

SMO2
as-prepared 0 No −− −−
1.2 Gy 1.2 No −− −−
1.2 Gy + 3 K/s 1.2 Yes 3 2
0.5 K/s 0 Yes 0.5 1
3 K/s 0 Yes 3 2

at a constant heating rate (3 K/s) from room temperature to 873
K during a thermoluminescence readout in the TL/OSL system [17].
An as-prepared sample of SMO1 and SMO2 powders were submitted
to a heating process at a constant heating rate (0.5 K/s) from room
temperature to 873 K. Henceforward in this paper, the SMO samples
will be identified by the codes provided in Table 1.

2.2. Characterization of SrMoO4 samples

X-ray diffraction (XRD) data were recorded using a transmission
geometry on a STADI-P diffractometer (STOE&Cie GmbH) with CuK𝛼1
radiation (𝜆 = 1.54056 Å) with a curved Ge(111) crystal, using a
voltage of 40 kV and a current of 40 mA. The Rietveld method was
employed to refine the structural parameters, and peak profiles of the
XRD patterns [28–30] using the TOPAS-Academic v7 software [31]. A
modified Thompson Cox–Hasting pseudo-Voigt (TCHZ) function [32]
was used to model the peak shapes of a standard silicon sample from
the National Institute of Standards and Technology (NIST, SRM640c).
The refined values for the Gaussian and Lorentzian contributions were
then kept fixed. In this sense, the apparent crystallite sizes and mi-
crostrain contributions could be deconvoluted from the instrumental
contribution. The crystallite sizes were calculated using the integral
breadth based LVol macro, as described in the TOPAS-Academic v7
Technical reference manual [33].

A Renishaw microscope (in Via model) with a multichannel CCD
detector and He–Ne laser (632.8 nm) was employed to register the
Raman spectra ranging from 80 cm−1 to 1000 cm−1. The automatic
cosmic ray removal option was set on. A Shimadzu IRPrestige-21
spectrophotometer was employed to register the Fourier Transformed
Infrared spectra (FTIR) in the spectral range from 500 to 1000 cm−1.
The absorbance measurements were carried on a Shimadzu UV-2600
spectrophotometer in the wavelength range from 200 to 800 nm and
spectral resolution of 0.1 nm. In wavelength units, the UV–Vis ab-
sorbance spectra were converted to energy scale using the Jacobian
Conversion method [34]. The band gap energy was calculated employ-
ing the Tauc relation [35,36]. The particles morphology and the effect
of the treatments were observed using a scanning electron microscope,
SEM (Jeol JSM-6610LV). High-magnification imaging of the materials
was carried out using transmission electron microscopy (TEM) using a
Phillips CM120 microscopy, with a LaB6 filament and 200 kV accelerat-
ing voltage.TEM specimens were prepared on copper grids (TED PELLA,
type B, 400 mesh). A small amount of powder was first dispersed in an
isopropanol solution and immersed in an ultrasonic bath during 10 min
to obtain a better dispersion. Finally, a drop of this dispersion was

placed on a copper grid and dried at room temperature.
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Fig. 1. Synthesis and post-synthesis treatments for each SMO1 and SMO2 sample.
The photoluminescence measurements were performed using a Flu-
orolog 3–11 spectrometer (HORIBA Jobin-Yvon, Longjumeau, France)
coupled with a 450 W xenon arc lamp. The photoluminescence excita-
tion (PLE) spectra was recorded for emission at 469 nm in the excitation
range from 250–440 nm. The photoluminescence (PL) spectra were reg-
istered for wavelengths between 300–548 nm under 280 nm excitation,
and 400–670 nm under excitation at 359 nm. The photoluminescence
spectrum was recorded employing a bifurcated fiber optical outside
the equipment. One fiber provides the sample excitation, and the
other fiber collects the emission signal. The fiber bundle was placed
vertically at about 2 mm of distance from the sample. The sample
holder spectrum was subtracted from the spectrum recorded for each
sample.

The magnetization as a function of the applied field was measured
at room temperature using a superconducting quantum interference
equipment magnetometer (MPMS SQUID magnetometer, Quantum De-
sign Inc.) under applied magnetic fields up to 10 kOe. The powder
samples were properly manipulated using plastic gloves and plastic
tools to avoid contamination by magnetic impurities. Each sample was
put inside gelatin capsules and loaded into plastic straws; this set
was then attached to the end of a vertical rod and inserted into the
equipment.

3. Results and discussion

3.1. Structural analysis

Fig. 2 shows the experimental XRD data compared with the results
from the Rietveld refinement method for the SMO1 and SMO2 samples
subjected to irradiation with beta particles and to thermal treatments
(Table 1). The observed SrMoO4 peaks for all samples could be indexed
to the scheelite-type tetragonal structure with a space group of I41/a,
which is in full agreement with the Bragg peaks provided in the
JCPDS 08-0482 card [9,17]. The green line indicates that the difference
between the experimental XRD pattern profiles and the theoretically
calculated profiles are near zero in the intensity scale, as illustrated
in Fig. 2. The Rietveld method was employed to estimate the lattice
parameters and crystallite sizes, as well as quantitative phase analy-
sis [37] to estimate the mass fractions of the observed phases, and the
results are shown in Table 2. From the Rietveld refinement analysis,
3

it was observed that all the samples display two additional peaks with
very low intensities located at 2𝜃 = 25.25◦ and 2𝜃 = 25.9◦, assigned to
strontium carbonate (SrCO3) (JCPDS card no. 05-0418) [38,39]. These
peaks probably result from the synthesis process or by the adsorption
of the CO2 molecule from the air by the defects present at the particles
surface [40–42]. However, the origin of the SrCO3 peaks observed
in the SrMoO4 diffractogram requires further investigation. The data
of mass fractions of SrCO3 and SrMoO4 suggest that surface of the
as-prepared SMO1 sample (designed without MHA) exhibits a higher
disordered surface than the as-prepared SMO2 sample (processed with
MHA). The higher degree of surface disorder favors the CO2 adsorption.
This fact indicates that the MHA process increases the surface order.
The calculated lattice parameters show discrete modifications for the
irradiated and heated treated samples. The unit cell volume discreetly
decreases for the samples submitted to heat treatment (SMO 0.5 K/s
and 1.2 Gy + 3 K/s) and increases for the irradiated samples (SMO
1.2 Gy). The change is minimum, which confirms the stability of
the scheelite phase even after the irradiation with beta particles and
heating treatment. By calculating the crystallite size of as-prepared
SMO1 and SMO2, we observed that MHA treatment promotes the
formation of smaller crystals (42%). The increase in the pressure of
the MHA system favors the formation of more compact crystallites.
In addition, the use of microwaves generates a higher organization
level of the crystals through the molecular rotational vibrations caused
by microwaves. Otherwise, the SMO2 0.5 k/s samples submitted to
heat treatment display increased crystallite size compared to the SMO2
as-prepared sample around 60%, becoming similar to those observed
for the as-prepared SMO1 sample with a difference of about 6%.
During the heating process, many crystallites of a similar orientation
join together to promote crystallite growth [43]. The crystallite size
decreases for the irradiated SMO1 1.2 Gy sample and increases for the
irradiated SMO2 1.2 Gy sample relative to their respective as-prepared
samples. Therefore, irradiation with beta particles can either promote
or impair the material order, depending on the material’s previous
degree of organization level. The unit cell parameters of the SMO1
and SMO2 samples are slightly lower than those of the standard value
(JCPDS No. 08-0482), which indicates that both as-prepared SMO1
and SMO2 samples present a certain level of disorder degree. The
observed distortion on the crystal structure can be associated with
intrinsic defects such as oxygen vacancy, interstitial strontium ions,
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Fig. 2. XRD patterns and Rietveld refinements of the SMO1 and SMO2 samples subjected to different treatments and the Bragg peaks for SrMoO4 (JCPDS No. 08-0482).
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nterstitial oxygen ions, and the more complicated structures such as
efect clusters. Theoretical calculations from CaWO4 materials, which
ave a similar crystalline structure to the CaMoO4, reveal that the
xygen vacancy and interstitial oxygen defects, named Frenkel defects,
ave the lower formation energy and probably are the dominant defect
ype in the crystal [44,45]. Hence, the defects in the SMO1 and SMO2
tructures could also be mainly related to Frenkel defect.

Fig. 3 displays the Raman and FTIR spectra employed to investigate
he modifications on the material structure resulting from heating
reatment and irradiation with beta particles. Each Raman band de-
cribes the vibration modes resulting from the scatter observed for
eriodically organized clusters and atoms in matter. The vibrational
odes in Raman spectra of molybdates are classified into internal and

xternal [9,13]. The internal vibration modes are associated with the
2–
4

etrahedral [MO4] cluster vibration in the lattice with a stationary S
ass center while the external modes are related to the motion of
he Sr2+ cations, and the rigid molecular unit [9,13]. The observed
nternal Raman vibration modes are assigned to 𝜈1(Ag) (887 cm−1),
3(Bg) (845 cm−1), 𝜈3(Eg) (796 cm−1), 𝜈4(Eg) (382 cm−1), 𝜈4(Bg)
367 cm−1) and 𝜈2(Bg) (328 cm−1). The peak at 182 cm−1 corresponds
o the free rotation mode. The observed lines in the range from 97–
40 cm−1 are assigned to the external modes [9,13]. The registered
aman spectra (Fig. 3A and B) show that all the samples exhibit
single-crystalline phase with the scheelite-type tetragonal structure
ithout phase modifications induced by the electrons irradiation and
eating treatments. However, Raman and FTIR bands show a notable
hange in the intensity for the samples submitted to irradiation or
eating treatment compared to the as-prepared samples.

The Raman modes frequencies remain nearly constant for all the

MO1 and SMO2 samples, and all the peaks are visible over the
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Table 2
Lattice parameters, unit-cell volume, crystallite size and the mass fraction (wt%) of SrMoO4 and SrCO3 phases in the samples obtained by Rietveld refinement for the SrMoO4
powders. The Eg parameter corresponds to the band gap energy calculated from UV–VIS experimental data.

Sample JCPDS No. as-prepared 1.2 Gy 1.2 Gy + 3 K/s 0.5 K/s
08–0482

SMO1 Dcrys (nm) – 225(12) 185(7) 194(9) 204(9)
Eg (eV) – 4.14(1)a 4.13(1) 4.15(1) 4.17(2)
SrMoO4(wt%) – 96.30(9) 95.72(10) 96.03(8) 95.82(9)
SrCO3(wt%) – 3.70(9) 4.28(10) 3.97(9) 4.18(9)

Lattice a = b (Å) 5.394 5.38731(5) 5.38930(5) 5.38476(5) 5.38517(5)
Parameters c (Å) 12.02 12.00700(14) 12.01158(13) 12.0084(13) 12.00144(13)

c/a 2.228 2.229 2.229 2.228 2.228
V (nm3) 349.8 348.5 348.9 348.0 348.1

SMO2 Dcrys (nm) – 131(5) 154(5) 174(7) 210(10)
Eg (eV) – 4.16(2)a 4.14(1) 4.18(4) 4.18(4)
SrMoO4(wt%) – 98.59(9) 98.51(7) 98.38(7) 98.26(8)
SrCO3(wt%) – 1.41(9) 1.49(7) 1.62(7) 1.74(8)

Lattice a = b (Å) 5.394 5.38602(7) 5.38796(5) 5.38472(5) 5.38539(5)
Parameters c (Å) 12.02 12.00436(19) 12.00892(13) 12.00046(13) 12.00212(13)

c/a 2.228 2.229 2.229 2.229 2.229
V (nm3) 349.8 348.2 348.6 348.0 348.1

aKünzel et al. [17].
Table 3
Relative band height and measured FWHM values (cm−1) for the main Raman bands in SrMoO4 powders submitted to different post-synthesis treatments.

Raman Band (cm−1)

887 845 796 328

Height FWHM Height FWHM Height FWHM Height FWHM

SMO1
as-prepared 1.0 4.56(0.1) 1.0 4.29(0.15) 1.0 5.02(0.10) 1.0 13.62(0.19)
1.2 Gy 1.05 4.81(0.11) 1.05 4.45(0.16) 1.03 5.03(0.15) 1.05 13.60(0.16)
1.2 Gy + 3 K/s 0.66 4.37(0.1) 0.70 3.96(0.1) 0.71 4.61(0.10) 0.62 12.90(0.16)
0.5 K/s 0.55 4.56(0.07) 0.59 4.08(0.08) 0.59 4.69(0.10) 0.51 13.20(0.15)

SMO2
as-prepared 1.0 4.63(0.20) 1.0 4.21(0.23) 1.0 5.07(0.16) 1.0 13.40(0.21)
1.2 Gy 0.84 4.40(0.16) 0.90 4.13(0.18) 0.85 5.00(0.14) 0.86 13.29(0.22)
1.2 Gy + 3 K/s 0.80 4.40 (0.12) 0.84 3.94(0.11) 0.88 4.67(0.13) 0.78 13.10(0.19)
0.5 K/s 0.60 4.34 (0.12) 0.67 3.92(0.12) 0.66 4.67(0.14) 0.59 13.10(0.21)
whole measured spectrum 3. Raman spectroscopy is a valuable tool for
investigating the structural order and disorder in materials. The first-
order Raman phonon spectrum comprises narrow lines for a perfect
crystal, and for disordered materials, broadened first-order Raman lines
are observed [46]. The recorded spectra from SrMoO4 powders can be
ascribed to samples with disordered-ordered levels since they exhibit
broad Raman bands indicating the phonon density of states correlated
to the lattice expansion. The relative peaks intensity and FWHM (Full
Width at Half Maximum) values of Raman bands for the prominent
peaks were calculated and are depicted in Table 3. Considering that
narrow lines are characteristics of an ordered crystal, the calculated
FWHM values demonstrate that the studied materials have slightly
different levels of defects. Results in Table 3 show that within the SMO1
sample set, the SMO1 - 1.2 Gy display the less ordered Raman spectrum,
while for the SMO2 set, the less ordered spectrum refers to the as-
prepared SMO2 powders. These observations agree with the Rietveld
refinement analysis once the samples with the smaller crystallite size
display the higher FWHM values indicating more disordered structures.

Fig. 3(C, D) compares the FTIR spectra from the as-prepared, irra-
diated, and submitted to heat treatment SMO1 and SMO2 samples. The
spectra were registered in the range from 400 to 1000 cm−1. The broad
nd intense absorption bands located between 800 and 900 cm−1 are

assigned to the Mo-O stretching vibrations of the [MoO4] tetrahedron
group [47]. The 𝜈3(𝐹2) symmetric (𝜈𝑠) and asymmetric (𝜈𝑎𝑠) stretch
vibrations occur around 845 cm−1 and 803 cm−1, respectively [48].
The band at 419 cm−1 is assigned to 𝛿𝑎𝑠 mode and the band at
404 cm−1 to 𝜈2(𝑒) mode related to the [MoO4]–2 tetrahedron bending
vibrations [48].

The FTIR spectra from SMO1 and SMO2 samples submitted to
heat-treatment and irradiation show a slight shift in the frequency
5

Table 4
FTIR frequencies (cm−1) observed in SrMoO4 powders.

FTIR bands (cm−1)

𝜈3(𝑠) 𝜈3(𝑎𝑠) 𝛿(𝑎𝑠) 𝜈2(𝑒)

SMO1
as-prepared 838 803 419 402
1.2 Gy 833 803 424 404
1.2 Gy + 3 K/s 835 803 419 403
0.5 K/s 835 803 418 403

SMO2
as-prepared 847 804 423 403
1.2 Gy 844 806 419 404
1.2 Gy + 3 K/s 842 808 423 404
0.5 K/s 842 811 418 405

of [MoO4]2– absorption band in comparison with the frequencies for
the as-prepared sample. Table 4 presents the central frequency posi-
tion for each band according to the adopted post-synthesis treatment.
The vibration mode frequency modifications indicate that some bonds
length was shortened observed through the shift of the phonon vi-
brations to higher frequencies while others were enhanced (shift to
lower frequency vibration). The intensity of the FTIR bands depends
on the square of the change in the dipole moment related to the
vibrational amplitude [49,50]. Fig. 3(C, D) shows that the intensity
of the absorption bands for the 1.2 Gy and heated SMO1 samples,
with decreased crystallite size, increase compared to the as-prepared
SMO1 sample, with a larger crystallite size. The intensity of the FTIR
spectra from the 1.2 Gy and heated SMO2 samples, with increased
crystallite size, decreases relative to the as-prepared SMO2 (smaller
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Fig. 3. Raman (A and B) and FTIR (C and D) spectra of SMO1 and SMO2 samples subjected to different treatments. The as-prepared samples are from Künzel et al. [17].
w
a
a
d

crystallite size). The irradiation of higher-ordered (as-prepared SMO1)
induces the formation of defects, which increases material disorder. The
opposite occurs in as-prepared SMO2, where these treatments increase
the crystallite size and organization level, decreasing the intensity of
FTIR bands.

3.2. Scanning and transmission electron microscopy

Fig. 4 illustrates the scanning electron microscopy (SEM) images
at 10.000 𝑥 magnifications from as-prepared SMO1 and SMO2, and,
after these samples were submitted to electron irradiation (1.2 Gy),
irradiation followed by thermal treatment (1.2 Gy + 3 K/s) and only
thermal treatment (0.5 K/s). Fig. 4 (A and B) correspond to as-prepared,
(C and D) irradiated with 1.2 Gy, (E and F) to 1.2 Gy + 3 K/s, and
(G and H) to the heating rate of 0.5 K/s, to SMO1 and SMO2 sam-
ples, respectively. All samples exhibit mainly octahedral morphologies,
forming cauliflower-like SrMoO4 structures, similar to those reported
in previous works [9,17]. SEM images reveal the formation of small
holes in the surface of the particle submitted to thermal treatments at
873 K when compared to the as-prepared SMO1 and SMO2 (Fig. 4(E-
H)). These surface defects can be crucial in catalytic and photocatalytic
processes; Materials with a large surface area are recommended for
utilization in these processes due to the higher number of active sites
available.

Fig. 5 display TEM images of SrMoO4 crystals prepared by the co-
precipitation method and exposed to beta particle irradiation (1.2 Gy)
registered at 1 μm and 200 nm. TEM images confirm that the particles
are highly agglomerated, showing some holes and brighter regions
inside the same structure. The brighter regions within the particle sur-
faces, observed in the image registered at 200 nm, were also observed
in other materials and are attributed to densification voids formed by
coalescence of vacancies as the particles grow during the synthesis
6

s

process [51]. The particle length distribution indicates that the particle
size for this sample ranges over a large range with a mean value of
244 ± 83 nm. The selected area electron diffraction (SAED) pattern
corresponds to powder diffraction from multiple crystals, showing both
discrete spots and rings [52].

Fig. 6 shows TEM images from the 1.2 Gy SMO2 sample registered
at 1 μm and 200 nm. The SMO2 samples also show high particle
agglomeration, and the samples also display the densification voids of
vacancies at a lower proportion compared to the SMO1 sample. These
results indicate that the SMO2 sample presents a higher-order degree
than the SMO1 sample. The particle length distribution, calculated with
the ImageJ software, provides a means value of 211±39 nm. The SAED
patterns also reveal that SMO2 is polycrystalline.

3.3. Optical and magnetic properties

The absorbance for as-prepared, 1.2 Gy, 1.2 Gy + 3 K/s, and 0.5
K/s of the SMO1 and SMO2 powders were measured from 200 nm
to 800 nm. The absorbance spectra, in wavelength units, were trans-
formed to energy units using the Jacobian conversion method (Fig. 7)
[34]. The registered data display a broadband with maximum intensity
around 4.6 eV (261 nm), assigned to the electronic transitions of the
[MoO4]2– complex. The experimental band gap energies for SMO1 and
SMO2 structures were estimated using the Wood and Tauc method
according to the Kubelka Munk relationship as follows [36]:

ℎ𝜈𝛼 ∝ (ℎ𝜈 − 𝐸𝑔𝑎𝑝)𝑛 (1)

here ℎ is the Planck constant, 𝜈 is the photon frequency, 𝛼 is the
bsorbance, E𝑔𝑎𝑝 is the optical band gap energy, and 𝑛 is a constant
ssociated with the type of electronic transition [53]. Table 2 brings the
etermined band gap values for the SMO1 and SMO2 samples. Results

how a small variation, within the experimental uncertainties, on the
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Fig. 4. SEM images from samples subjected to different treatments at 10000x magnification, where: (A) and (B) are as-prepared; (C) and (D) are 1.2 Gy; (E) and (F) are 1.2 Gy
+ 3 K/s; and (G) and (H) are 0.5 K/s to SMO1 and SMO2 samples, respectively.
band gap energy values with irradiation and heating treatment relative
to the as-prepared sample. Fig. 7(C) illustrates the excitation spectra
(PLE) of the as-prepared SMO1 and SMO2 samples, 𝜆𝐸𝑀 = 459 nm
at room temperature. In PLE, the two samples display a peak located
in the range from 250 to 300 nm (4.96–4.13 eV), attributed to the
charge transfer transition O2− ←←→ Mo6+ due to the transition of a 2p
electron of O2− to the d orbital of Mo6+ [54], confirming the UV–
Vis absorbance spectra data previously discussed. The PLE from the
SMO1 sample display two additional peaks, one with a maximum at
325 nm (3.81 eV) and the other at 427 nm (2.9 eV). The SMO2 sample
displays a broadband peaking at around 375 nm (3.31). These bands
are attributed to intermediate energy levels inside the band gap of
SMO1 and SMO2 compounds resulting from intrinsic defects generated
during the synthesis methodology and the organization level promoted
by the MHA treatment.
7

The photoluminescent emission (PL) spectra at room temperature,
excited at 280 and 359 nm, from the SMO1 and SMO2 powders are
shown in Fig. 8(A-D). The short wavelength PL emission from the
samples, excited at 280 nm (4.42 eV), are mainly assigned to the
electronic transitions from the complex [MO4]2– structure and shallow
defects structures [44]. The long-wavelength emission is assigned to
the excitons captured by defect centers [44]. For all SMO1 and SMO2
samples, excited at 280 nm, the PL spectra consist of a predominantly
emission band centering at 496 nm (Fig. 8(A-B)). Results also show that
the samples subjected to heat treatment present a decreased PL inten-
sity than the as-prepared and irradiated ones, indicating a modification
of the material structure.

Fig. 8 (C-D) depicts the PL spectra from samples excited at 359 nm.
The defects centers can be excited when the excitations photons energy
are lower than the material band gap [55]. The PL emission, for 359 nm
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Fig. 5. TEM images from SMO1-1.2 Gy registered at 1 μm and 200 nm, the particle length distribution and SAED pattern.
excitation, present profile considerably different between samples. The
observed peak profiles depend on synthesis methodology and the post-
synthesis treatment and can be attributed to the direct excitation of the
defect states located in the forbidden band of SMO1 and SMO2 samples.
An additional defect level should probably induce the observed low-
intensity band at the red-IR spectral region (around 620 nm) in the
as-prepared SMO1 and SMO1 1.2 Gy samples. The observed variation
in the PL spectra from the samples can be assigned to different levels
of structural organization, oxygen vacancies, and defect clusters [46].
Results show a variation in the maximum peak emission for irradiated
and heated samples compared to the as-prepared samples indicating
different levels of order–disorder. The applied post-synthesis treatments
are responsible for create or destroy some defects levels inside the band
gap and induces variation on the defect levels distribution and density,
affecting both the intensity and the maximum PL emission wavelength.
8

The magnetic properties of SMO1 and SMO2 powders, measured at
300 K, are shown in Fig. 9 (A and B) under a magnetic field ranging
from −10 to +10 kOe. The data represents the magnetization (M) as
a function of the applied magnetic field for as-prepared, heat-treated
(1.2 Gy + 3 K/s and 0.5 K/s), and submitted to irradiation (1.2 Gy)
SMO1 and SMO2 powders. The ferromagnetic response for some of
the analyzed samples is observed from the S-shaped hysteresis loops
in the low-field region. The as-prepared SMO1 sample, as depicted
in Fig. 9 (A) and in its inset, displays a ferromagnetic behavior with
a magnetic moment of 0.15 emu/g and 25 Oe coercive field. The
SMO1 + 1.2 Gy sample shows a decreased ferromagnetic response,
where the irradiation with 1.2 Gy dose from beta particles reduces
the saturation moment magnetic to around 0.05 emu/g and a coercive
field around 10 - 35 Oe. The M(H) curves show that the ferromagnetic
response is suppressed for the SMO1 1.2 Gy + 3 K/s and SMO1 0.5
K/s powders, which show a linear M(H) performance with a low
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Fig. 6. TEM images from SMO2-1.2 Gy registered at 1 μm and 200 nm, the particle length distribution and SAED pattern.
magnetic moment, analogous to a paramagnetic response, as observed
for undoped SrMoO4 compounds [22]. The M(H) curve from the as-
prepared SMO2 indicates a typical diamagnetic behavior. Here, we
have ensured that the diamagnetic signal is from the sample and not an
artifact of the sample loading. In fact, according to the literature [56],
the diamagnetic contribution from the gelatin capsules and the plastic
straws commonly used for mounting samples magnetization measure-
ments are on the order of 10−4 emu/g. Since the diamagnetic signal
measured for the as-prepared SMO2 sample is around 0.005 emu/g,
we conclude that the observed diamagnetic behavior is, indeed, from
the sample. For the SMO2 + 1.2 Gy sample, we observed a shift
in magnetic behavior from diamagnetism to ferromagnetism with a
saturation magnetic moment of around 0.005 emu/g and a coercive
field of around 30 Oe. The observed ferromagnetism behavior in the
SMO2 + 1.2 Gy powders can be attributed to modifications in the
defect states induced by the irradiation with beta particles. The heating
treatment switches the ferromagnetic behavior to diamagnetic again, as
observed for the 1.2 Gy + 3 K/s sample. On the other side, the SMO2
+ 0.5 K/s sample displays a paramagnetic response with the applied
magnetic field.

The observed differences in the magnetic behavior from the SMO1
and SMO2 samples can be attributed to modifications in the material’s
9

structure induced by the hydrothermal treatment, the incidence of beta
particles, and heating treatment. In a previous work published by our
group [17] we presented thermoluminescence (TL) measurements from
the as-prepared and irradiated SMO1 and SMO2 samples investigated
in this work, and the outcomes give insights about modifications on
the distribution and density of the trapping states in the examined
materials. The observed results by Künzel et al. [17] show a symmetric
distribution of the defects states in the as-prepared SMO1 sample.
The irradiation of the SMO1 powders results in a decrease of the
trap density without affecting the curve symmetry compared with the
as-prepared SMO1 sample. The results suggest that this symmetric
density distribution of the trapping states results in the ferromagnetic
response of the as-prepared and 1.2 Gy SMO1 powders. In the case of
the as-prepared SMO2 sample, which shows a diamagnetic behavior,
the density of defects with lower trapping energy (around 1.18 eV)
is about twice as high as the density of the deeper trapping states
(trapping energy around 1.81 eV) [17]. The irradiation process with
beta particles (1.2 Gy) reduces the density of the lower energy trapping
states while the density of the deeper defects states remains almost
unchanged. The SMO2 + 1.2 Gy sample, with a nearly symmetric
density of defects states, shows the ferromagnetic behavior. Therefore,
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Fig. 7. Tauc plots from SMO1 (A) and SMO2 (B) samples as-prepared, 1.2 Gy, 1.2 Gy + 3 K/s and 0.5 K/s registered. The UV–VIS from as-prepared samples are from Künzel
et al. [17]. (C) The photoluminescent excitation (PLE) spectra of as-prepared SMO1 and SMO2 samples (𝜆𝑒𝑚 = 459 nm).
results indicate that deep defects such as oxygen vacancies may be
necessary, but their distribution and density also affect the magnetism
response in the SrMoO4 compounds, in agreement with observations
in other materials [23]. The 1.2 Gy + 3 K/s SMO2 sample shows that
the thermal treatment suppressed the ferromagnetism response, and the
sample evolved to diamagnetic again, which can be ascribed to the
removal of deep defects and increased density of defects states with
lower trapping energy. Therefore, a suitable combination of irradiation
and thermal treatment can tune the magnetic behavior of SrMoO4
compounds via the creation/removal of oxygen vacancies and modi-
fication of the trapping state’s density and distribution. The observed
difference in the magnetic behavior between each sample set (SMO1 or
SMO2) can be attributed to an intrinsic phenomenon since the chemical
10
composition and synthesis methodology is identical. The density and
distribution of trapping states are tuned by synthesis methodology,
heat treatment, and Irradiation processes and they affect the magnetic
response of SrMoO4. The outcomes of this work suggest that Irradiation
with beta particles can be employed as an efficient processing tool to
improve the optical and magnetic properties of SrMoO4 phosphors.

4. Conclusion

In this work, SrMoO4 nanostructures were synthesized by
co-precipitation (SMO1) and co-precipitation followed by microwave-
assisted hydrothermal (MAH) treatment (SMO2). The SMO1 and SMO2
samples were submitted to the following post-synthesis treatments: a)
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Fig. 8. The emission spectra (A and B) (𝜆𝑒𝑥 = 280 nm) and (C and D) (𝜆𝑒𝑥 = 359 nm) of SMO1 and SMO2 samples, where (a) = as-prepared; (b) = 1.2 Gy; (c) = 1.2 Gy + 3 K/s;
and (d) = 0.5 K/s.
irradiation with beta particles (1.2 Gy), b) heat-treatment at 0.5 K/s
until 873 K; and c) beta irradiation (1.2 Gy) followed to heat treatment
at 3 K/s until 873 K. The characterization techniques, mainly XRD
Rietveld refinement,TEM, Raman, and FTIR spectra, showed that the
as-prepared SMO1 sample was more disordered than the as-prepared
SMO2, where the higher-order was favored by the MHA treatment.
The irradiation and heat treatment affected the as-prepared SMO1 and
SMO2 in distinct ways without modifying the scheelite type crystalline
phase. The irradiated SMO1 sample displays a more disordered struc-
ture than the as-prepared SMO1, while the irradiated SMO2 is more
ordered than the as-prepared SMO2. The band gap energy values for the
designed powders ranges from 4.13 to 4.18 eV. The registered PL inten-
sity, at room temperature, under 280 nm and 359 nm excitation, can be
directly related to the order–disorder of each sample. The PL emission
was associated with the transitions in the tetrahedral [MoO4]2– group
as well as structural defects states. Magnetization results confirm the
occurrence, at room temperature, of ferromagnetism for as-prepared
SMO1 and SMO1 + 1.2 Gy samples were induced by deep trapping
states such as oxygen vacancies, resulting in a magnetic moment of
around 0.15 emu/g and 0.05 emu/g, respectively. The as-prepared
SMO2 sample shows diamagnetic behavior while the irradiated (SMO2
+ 1.2 Gy) powder presents a ferromagnetic response with a saturation
magnetic moment of approximately 0.005 emu/g. The SMO2 samples
return to a diamagnetic response after thermal treatment at 3 K/s
until 873 K. The observed results reveal that the ferromagnetic order
in SMO2 compounds depends on the density and distribution of the
defect state. The coalescence of magnetic and optical features in the
SrMoO4 compounds demonstrates that the properties of the samples can
be modulated by the synthesis methodology or by external influences,
such as beta particle irradiation, making them suitable candidates for
technological applications, for example, in optoelectronic devices.
11
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Fig. 9. Magnetization as a function of applied magnetic field (M × H) at 300 K from the as-prepared, 1.2 Gy, 1.2 + 3 K/s and the 0.5 K/s (A) SMO1 and (B) SMO2 powders.
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