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Disodium dimolybdate (Na;Mo,07) crystals were grown using the Czochralski technique. The thermal
characteristics of the compound were analyzed using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) measurements. The crystal structure of the grown sample was confirmed
using X-ray diffraction (XRD). Luminescence properties were measured at room and low temperatures,
using a light emitting diode (LED) source. Very weak luminescence was observed at room temperature;
however, the luminescence intensity was enhanced at low temperatures. The crystal’'s transmittance
spectrum was measured for estimating its optical quality and energy band gap. The grown crystal exhib-
ited a luminescence light yield of 55% compared with CaMoO, crystals at 10 K, when excited by a 280-
nm-wavelength LED source, but does not have the drawbacks of radioactive Ca isotopes. These results
suggest that at cryogenic temperatures, Na,Mo,0; crystal scintillators are promising for the detection
of dark matter and neutrinoless double beta decay of '°°Mo.
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1. Introduction

Deep underground rare event search experiments, such as
detection of neutrinoless double beta (0v2B) decay [1] and weakly
interacting massive particles (WIMPs) as dark matter candidates
[2], provide opportunities for discovering new physics to comple-
ment high-energy physics.

The experimental search for neutrinoless double beta decay is
the only feasible way for testing the Majorana nature of neutrinos
[3]. Many experimental groups throughout the world have been
actively searching for Ov2p in 7®Ge, %5Zr, 124Sn, 110Pb, 130Te, 136Xe,
825e, 150Nd, 1°°Mo, 48Ca, and ''®Cd candidate isotopes [4]. Among
these isotopes, '°°Mo is one of the most promising candidates,
owing to its high transition energy (Qgs = 3034.40 £ 0.17 keV) [5],
comparative ease of enrichment [6] and higher natural abundance
(8=9.744 (65) %) |7]. Several Mo-based crystal scintillators have
been developed, including PbMoO4 [8], StMoO4 [9], MgMoO,4
[10], CdMo0Oy4 [11], ZnMoO4 [12,13], Li;M004 [14], and CaMoOg4
[15]. The Advanced Mo-based Rare process Experiment (AMoRE)
collaboration has been searching for neutrinoless double beta
decay of the '®Mo isotope using 4°Ca'®®Mo0, crystals [16] in a
deep underground laboratory, to minimize the possible back-
ground effect owing to cosmic radiation. Compared with other
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molybdate crystals, CaMoO,4 has a highest scintillator efficiency
at cryogenic [17] and room [15,18] temperatures. The main draw-
back of the CaMoOy, crystal is the presence of “®Ca, which is a 2v2p
active isotope [14]. Moreover, it is very challenging to purify Ca-
based compounds with acceptable radioactivity levels, owing to
the limitations of Ca chemistry [17]. Thus, the AMoRE experimen-
tal group has been searching for new molybdate-based com-
pounds. Regarding the dark matter search, KIMS [19], COSINE
[20] and DAMA/LIBRA [21] groups have been using Nal:Tl crystal
scintillators as target materials. On the other hand, CRESST [22]
was the first to use CaWQ, in a cryogenic dark matter search
experiment [17,23], owing to its high light yield at cryogenic
temperatures.

In this paper, we report the growth and luminescence proper-
ties of a novel Na,Mo,0; single crystal, grown by using the
Czochralski technique. To the best of our knowledge, this is the
first study to report the growth of Na,Mo,0; crystal. The advan-
tages of this crystal are the absence of radioactive elements and
the fact that purification techniques have been well-developed
for both Na [19,21] and Mo [24]. In the future, because Na,Mo0,0;
crystal-based scintillators have a high luminescence light yield at
cryogenic temperatures, they will be likely used for both 0v2p
and WIMP searches in the same detector setup. The use of these
crystals for validating the DAMA/LIBRA [21] annual modulation
claims is also envisioned.
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2. Materials and methods
2.1. Crystal growth

The Na;Mo,0, crystals were grown using the conventional
Czochralski technique. The polycrystalline compound of Na;Mo,0-
has been synthesized using the standard solid state reaction tech-
nique. High-purity powders of Na,CO3; (99.997%, Alfa Aesar) and
MoOs (99.95%, Alfa Aesar) were used as starting materials for syn-
thesis. The powders were taken in the following stoichiometric
ratio:

Na,COs + 2Mo0O3; — Na,Mo,0; + CO, T (1)

The powders were weighted inside a glove box to avoid con-
tamination. The weighted powders and ceramic balls were put
together in to a clean plastic bottle and mixed thoroughly for 24
h using the ball milling technique with the speed of 135 rpm (rev-
olutions per minute). The resulting mixed powder was moved to
an aluminum crucible, covered, and sintered at 530 °C for 15 h.
For good sintering, the sintered powder was grinded in an agate
mortar, following the sintering process with the same temporal
profile was repeated at 540 °C. The well-sintered powder was
transferred into a platinum crucible with the dimensions of 30
mm (@) x 30 mm (L), and into the Czochralski chamber for crystal
growth. Ceramic fire-processed bricks and alumina were used as a
thermal shield inside a radio frequency (RF) coil that acted to
reduce the temperature gradient of the pulled crystal. The temper-
ature in the crucible was monitored using a thermocouple that was
coupled to the crucible at the bottom via hole that was drilled in
the fire-processed brick and aluminum shield. For the first run, a
2.5-mm-diameter platinum rod was used as a seed material for
growing the Na,Mo,0; crystal. An inert atmosphere was created
inside the chamber by evacuating (2 x 102 Torr) and then refilling
it with argon gas (11 Torr), repeating the procedure twice. The
powder was heated upto the melting point, at the rate of 2 °C/
min. The entire powder charged melted at 603 °C, and this temper-
ature was maintained for 5h to ensure a homogeneous melt. A
platinum rod was dipped a few millimeters into the melt and
was left in the melt for 1 h before starting the pulling process.
Nucleation of the compound started at the tip of the rod owing
to the temperature gradient of the rod and melt. The seed was uni-
formly rotated so that no stagnant regions were produced in the
melt, precluding the formation of inclusions in the crystal. During
the growth of the crystal, the pulling and rotation speeds were
maintained at 1.5 mm/h and 10 rpm, respectively. At the termina-
tion of the crystal growth process, the crucible was cooled down to
room temperature at the rate of 12 °C/h. Although the crystal has
some cracks, using the above-described method we were able to
grow ~20-mm-diameter and ~35-mm-long crystals successfully.
Fig. 1 shows the Na,Mo,0- crystals grown using this method. From
the grown crystal, we cut a ~10 x 10 x 8 mm?> sample for further
characterization using a homemade wire saw and a diamond-
coated stainless steel wire. The remaining part of the crystal was
used as a seed for re-growing additional crystals.

For additional growth, a single crystalline seed ~2 x 2 x 15
mm? was used from a previously grown Na,Mo,0 crystal. About
~1 mm length of the seed was inserted into the melt, the temper-
ature in which was ~20 °C higher than the melting temperature of
the compound, and nucleation started after a certain period of
time. After that, pulling was started at the rate of ~1.5 mm/h, with
the temperature decreasing at the rate of ~0.5 °C/h. These param-
eters were set for making a long neck, for obtaining crack-free crys-
tals. Using a seed from this crystal, we were also able to grow
large-size crystals (i.e., ~@40 x 100 mm?). However, larger crystals
exhibited some cracks.
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Fig. 1. Photographs of the grown crystals and samples with different dimensions:
(1) 920 x 35 mm3, (2) @20 x 40 mm?, (3) @20 x 50 mm?, (4) @40 x 100 mm?, (5)
@18 x 40 mm° and (6) 10 x 10 x 8 mm?>.

We measured the hygroscopicity of NaMo,0; and Li;MoO4
crystals and compared the results. For the hygroscopicity measure-
ments, several pieces of both crystals were taken out from the min-
eral oil and dried inside the glove box. For both crystals, the crystal
pieces were grind into fine powders and equal amounts of each
powder were used. The two samples were kept in an open environ-
ment at room temperature, with the relative humidity of ~30%.
Changes in the masses of the two powder samples were recorded
every 24 h, for 10 days. The increase in mass of Na;Mo,07 and Li,-
MoOy crystals are 0.0003 g and 0.0008 g respectively. The obtained
result illustrates that Na;Mo,05 crystals are less hygroscopic than
Li;MoQ, crystals.

2.2. Instrumental analysis

Powder XRD analysis of the grown crystals was conducted using
a Philips XPERT-MED X-ray diffractometer using Cu Ko, radiation
(X =0.154 nm); the scanning step size was 0.02° and time interval
per step was 3.5 s. The generator voltage and the tube current used
for scanning were 40 kV and 30 mA, respectively. TGA/DSC of Nay-
Mo,0, was conducted using a thermal analysis (TA) instrument
SDT-Q600 that performs thermogravimetric analysis with differen-
tial scanning calorimetry (TGA-DSC). The sample was heated from
200 to 1000 °C in an aluminum crucible, with gaseous nitrogen
flowing at a rate of 100 ml/min and with a heating rate of 4 °C/
min. Transmittance spectra were recorded using a V-650 spec-
trophotometer (Jasco). Temperature-dependent luminescence
was studied by exciting the sample using a LED source (wave-
length, 280 nm). The crystal was cooled down in a refrigerator
using compressed helium gas, and the temperature was controlled
using a Lakeshore temperature controller Model 331. The emission
spectrum was measured using a spectrometer (QE65000, Ocean
Optics), for wavelengths ranging from 200 to 1000 nm. The spec-
tral sensitivity of the spectrometer was corrected with a linearity
correction of >99.8%. Thermally stimulated luminescence (TSL)
was studied using an in-house experimental setup consisting of a
bi-alkali photomultiplier tube (PMT Photonis XP2260), an X-ray
generator (Cu anode), a cryogenics setup with a closed-cycle
helium refrigerator, and a counter. First, the sample was irradiated
with X-rays for 1 h at 10 K, and then heated from 10 K to 300 K, at a
heating rate of 0.1 K/s; the obtained signals yielded typical TSL
glow curves.
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3. Results and discussion
3.1. Powder X-ray diffraction

Fig. 2 shows the XRD pattern obtained for the grown crystal. The
diffraction peaks were compared with the ICSD 98-002-4312 stan-
dard reference data and matched the reference data quite well, as
shown in Fig. 2. Analysis of the diffraction peaks revealed that the
crystallized sample had an orthorhombic structure with the space
group Cmca. The values of the measured lattice parameters were:
a=7.1640A,b=11.8370A,c=14.9130A, and ot = p = 7 = 90°.

3.2. TGA/DSC analysis

The results of the TGA/DSC analysis are shown in Fig. 3. The
mass loss in the TGA curve was mainly in the 200-647 °C
(—=2.27%) and 647-1000 °C (—18.29%) temperature regions. The
mass loss in the first region was owing to the loss of some volatile
substance absorbed by the powder during its preparation and
phase transition, and the mass loss in the second region was attrib-
uted to the compound’s decomposition. Fig. 3 also reveals two
endothermic peaks at 522 °C and 603 °C, which corresponded to
the solid state phase transition and melting of the compound,
respectively. At high temperatures, orthorhombic crystals change
to monoclinic ones [25]. Thus, care needs to be taken to obtain
crack-free crystals. The sharp endothermic peak in the DSC curve
reveals the good degree of crystallinity of the grown compound.

3.3. Ultraviolet-visible to near-infrared spectral analysis
The light collection efficiency of a scintillator increases with
increasing transmittance [17]. The transmittance spectrum of the
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Fig. 2. Powder XRD patterns of the Na,Mo,05 crystal.
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Fig. 3. TGA/DSC curves for the Na,Mo,05 single crystal. The mass loss shown on the
TGA curve in the 200-647 °C range is 2.27%, whereas that in the 647-1000 °C range
is 18.29%.

Na,Mo,0; crystal is shown in Fig. 4. The crystal is transparent
throughout a wide spectral range, from 368 nm to 900 nm. The
transmittance varies from ~75% to ~67%, from the infrared to vis-
ible region. The short wavelength cutoff at 368 nm results from the
fundamental absorption properties of the Na,Mo,0- crystal. Using
the Tauc plot [26], the optical band gap energy (E,) for the indirect
transition was found to be 3.05 eV, as shown in the inset of Fig. 4.

3.4. Luminescence properties

Temperature dependence luminescence intensity of the Na,-
Mo,0- crystal was studied using a LED source, for temperatures
ranging from 300 K to 10 K. As shown in Fig. 5, at room tempera-
ture the spectrum of the sample exhibits emission in the 425-775
nm range, peaking at 661 nm. On the other hand, at 10 K, emission
is observed in the 400-987 nm range, peaking at 663 nm. Very
weak luminescence was observed at room temperature. The lumi-
nescence intensity significantly increased at temperatures below
250 K and the maximum intensity was achieved at 10 K. The emis-
sion intensity at 10 K was ~180 times higher than that at room
temperature.

Fig. 6 shows the total intensities for CaMoO,4, Na;Mo,07, and
Li;MoQ, crystals, for different temperatures, including the system-
atic error of 7% that results from the position and/or angle depen-
dence of the crystals. The reference (CaMoO,4) crystal has the
highest light yield among all the CaMoO,4 crystals, as reported in
the literature [27] as CMO-4 from the Institute for Materials (Lviv,
Ukraine). For calculating the error bar, the luminescence spectra of
the CaMoO,4 and Na,Mo,0; crystals were measured seven times,
for temperatures ranging from 300 K to 10 K, in temperature steps
of 25 K. For each temperature region, seven data points were
obtained for each of the crystals, and root mean square (RMS) val-
ues were estimated. For each point, the error bar was in the 5-9%
range. The average error was 7%, obtained by taking the average
error of the entire temperature region’s error percentage. Temper-
ature dependence of the luminescence light yield of CaMoO, using
a UV excitation source was similar to the previously reported one
[28]. However, the response of scintillation materials to the UV
radiation can be significantly differ from their responses to the
gamma, beta, or nuclear recoil radiation [28] that are expected in
double beta decay and dark matter search experiments. The lumi-
nescence light yield of Na,Mo,0; is very low between 250 K and
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Fig. 4. Transmittance spectrum of the Na,Mo,0; crystal (thickness: t = 5 mm). The inset shows hv vs. (athv)'/?, for indirect energy band gap calculations.
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Fig. 5. Emission spectra of the Na,Mo,0 crystal, for temperatures ranging from
300 K to 10 K.

300 K, which might result from the thermal quenching effect and
the emission intensity decreases as the probability of non-
radiative decays strongly increases with increasing the tempera-
ture [29]. The luminescence light yield increases with decreasing
the temperature, and at 10 K the light yield of the Na;Mo,07 crys-
tal is 55% that of the CaMoO, crystal. The light yield of the grown
crystal could be increased in the future by using high-purity raw
materials (Na,CO3, MoOs3), by improving the crystal growth condi-
tions, and by optimizing the after-growth treatment.

Charge carrier trapping is one of the main issues associated
with cryogenic scintillators, worsening the luminescence and scin-
tillation properties at low temperatures [28]. In the reported
molybdate crystals - Li;MoO4 (10 K to 50 K) [30], SrtMoO,4 (32 K,
37 K, 50 K, 103 K, 112 K, 166 K, 205 K, and 238 K), PbMoO, (19
K, 43 K, 85 K, and 110 K), CaMoO4 (20 K, 52 K, and 150 K), and
ZnMoO4 (35 K, 76 K, and 92 K) [28] - trap centers occurred, which
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Fig. 6. Comparison of light yields of the CaMoO,4, Na;Mo0,0-, and Li;Mo00O, crystals,
at different temperatures, using a 280-nm-wavelength LED excitation source. The
solid line in the figure is for guiding the eye.

reduced the luminescence intensity of these crystals. To study the
trap centers in the Na,Mo,05 crystal, we performed TSL measure-
ments, and the results are shown in Fig. 7. Clearly, there is one
noticeable trap center that occurs at ~54 K and two low-
intensity traps at 150 K and 210 K. The TSL peak intensities of
the Na;Mo,07 and CaMoO, crystals were compared, and the peak
intensity of the Na,Mo,0 crystal was found to be much weaker
than that of the CaMoOy, crystal. This result confirms a smaller light
loss in the Na,Mo,07 crystal at low temperatures; thus, this crystal
can be used as a cryogenic detector in future experiments.

Fig. 8 shows the luminescence spectra of the CaMo0,, Na;Mo,-
05, and Li;Mo0Q, crystals, at 10 K. For the Na;Mo,0, CaMoO,4, and
Li;MoO4 crystals, emission peaks are observed at 663 nm, 535 nm,
and 526 nm, respectively. The peak intensity for the Na,Mo,0;,
crystal is weaker than that for the CaMoOy4 crystal; however, it is
stronger than that for the Li;MoO4 crystal. From the emission
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Fig. 7. Thermoluminescence glow curves of the Na,Mo,0; and CaMoOy, crystals.
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Fig. 8. Emission spectra of the CaMoO,4, Na,Mo,05, and Li;MoO, crystals, at 10 K.

Table 1
Total luminescence intensities for the CaMoO,4, Na,Mo,0,, and
Li;MoOy crystals, at 10 K.

Crystal Total intensity (a.u.)

CaMo0, 4.35 x 1072 (100%) +3.05 x 103
Na,Mo, 0, 2.39 x 1072 (55%) +1.67 x 103
Li;Mo0O,4 7.95 x 1074 (2%)

spectra at 10 K, we calculate the total intensity (light yield) of the
Mo-containing crystals. The results, normalized to that of the
CaMoOy crystal, are listed in Table 1. For each case, the total inten-
sity (the area under the emission curve), was calculated from the
corresponding emission spectrum using Eq. (2) [31]:

Total intensity = » ~ Em(2) « A% )
where Em(2) is the emission probability at a given wavelength.

4. Conclusions

Na,Mo,0- single crystals having different (820 x 35 mm? to
@40 x 100 mm?>) size were grown for the first time using the

Czochralski technique. The melting point of this scintillator was
603 °C, which is the lowest among the melting points of other
reported Mo-containing crystals. XRD confirmed the orthorhombic
crystal structure with the Cmca space group. The indirect energy
band gap of the present crystal was found to be 3.05 eV. At 10 K,
a broad-band emission in the 400-987 nm range, peaking at 663
nm, was observed, using 280-nm-wavelength UV light as the exci-
tation source. However, the responses of scintillation materials to
UV, alpha, beta, and gamma radiation may be different. Lumines-
cence light yield enhancement was observed as the temperature
decreased down to 10 K, and at this temperature the light yield
was ~180 times higher than that at room temperature. Compared
with CaMoQy,, at 10 K, the luminescence light yield of the grown
crystal was 55%, even though it was much lower at room temper-
ature. The light yield could be increased by improving the quality
of the crystal and optimizing the after-growth heat treatment.
The level of traps in the sample was measured for temperatures
ranging from room temperature to 10 K, and the intensity of traps
was found to be very low compared with that of the CaMo0O, crys-
tal. The hygroscopicity of the crystal was measured and found to be
less than that of the Li;MoQ,4 crystal. Since Na,Mo,0; crystals are
free of radioactive elements and exhibit high light yield at low
temperatures, this material is a strong candidate for the search of
neutrinoless double beta decay of '°’Mo and dark matter at cryo-
genic temperature.
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