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Abstract: A powder synthesis of PbMoO4 from ancient lead (Pb) and deeply purified commercial
MoO3 powders was performed using a wet chemistry technique to achieve the low radioactivity
scintillator for neutrinoless double beta decay search in 100Mo. The synthesized powders were used
to grow single crystals of PbMoO4 by a Czochralski technique in Ar environment. The luminescence
and scintillation properties were measured with excitations using UV, X- and γ-rays in temperature
range of 10-300 K. Annealing of the grown PMO crystal in air atmosphere enhanced the scintillation
light yield by ~3 orders of magnitude compared to that measured before annealing. The scintillation
light yield of grown PMO crystal at 10 K is found to be 127% to that of a reference PMO crystal
under 662 keV γ-rays excitation from a 137Cs source. The background measurement of the grown
crystal performed at 50 K shows negligible activity from 210Pb compared to that of reference PMO
crystal. These preliminary performances show that the PMO crystal grown from ancient Pb and
deeply purified MoO3 powders has the great potential to be used as cryogenic scintillator for the
neutrinoless double beta decay search in 100Mo.
Keywords: ancient Pb; synthesis; single crystal growth; scintillation; thermally stimulated
luminescence

1. Introduction
PbMoO4 (PMO) is one of the extensively studied material because of its wider applications in
acousto-optics [1], optoelectronics [2], photocatalysis [3], and high voltage measuring devices. Single
crystal growth of PMO by Czochralski technique were reported elsewhere in references [4–9]. The
difficulties arose during crystal growth from bubble formation [10], compositional changes due to
evaporation of the volatile MoO3 powders [11], cracking of the crystal during and after growth and
coloration which deteriorates the optical quality of the crystal were extensively studied and reported
[12,13]. Moreover, the crystal growth with improved optical quality was reported by the low thermal
gradient Czochralski technique [7].
PMO belongs to scheelite structure family of crystal with space group I41/a [14]. The single
crystals belonging to this family were widely studied due to its common luminesce features, for the
applications in high energy physics, dark matter and double beta decay searches [15–20]. The interest
in the application of molybdates single crystalline scintillators arose from the introduction of
cryogenic phonon scintillation detectors (CPSD) in the search for neutrinoless double beta (0υββ)
decay. Advantages of CPSD over other detectors are good particle discrimination capability and high
energy resolution [21,22]. This detection technique is under usage by AMoRE [22] and CUPID-Mo
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[23] experiments for the 0υββ decay in 100Mo. These experiments are using 40Ca100MoO4 and
Li2100MoO4 cryogenic scintillators, however, because of the purification limitation of Ca and low light
output of LMO the search for novel scintillators with improved scintillation performance, low
internal background and capability that can be grown easily in large volume are desired [24]. The
scintillation performance tests of PMO crystal were carried out to check the feasibility for dark matter
and 0υββ decay searches [17,19,20]. However, the intrinsic background imposed by 210Pb in the PMO
crystal grown from commercial precursors limits its applications in rare event search experiments
[20]. This intrinsic background can be reduced by utilizing the ancient Pb for the powder synthesis
and hence PMO crystal growth. The low radioactivity archeological Pb was used to synthesize PbO
powders which mixed with MoO3 powders for the growth of PMO crystal by low thermal gradient
Czochralski technique [7]. Scintillation bolometric performance of this archeological PMO shows
excellent performance, however, suffered from huge internal radioactivity due to the dropping of a
ceramic piece during crystal growth [18]. Therefore, careful handling during powder synthesis and
crystal growth is required to avoid this issue.
This study focuses on the powder synthesis of PMO directly from the ancient Pb, commercial
and deeply purified MoO3 powders by a wet chemistry technique for the 1st time. The synthesized
powders were used to grow single crystals of PMO by a Czochralski technique in Ar atmosphere.
The phase of the grown PMO crystals were confirmed by powders using X-ray diffraction analysis.
The comparative analysis of the grown crystals was evaluated by 4.42 eV excitation. The scintillation
performance of the PMO crystal grown from powders synthesized from ancient Pb and deeply
purified MoO3 powders was studied under γ-rays excitation in the temperature range of 300-10 K
and compared with a reference PMO crystal. Moreover, the effect of annealing in air atmosphere on
the scintillation properties of the grown crystal was studied under γ-rays excitation. Thermally
stimulated luminescence (TSL) measured after X-ray irradiation at 10 K shows multiple traps which
causes the quenching of light yield at low temperature due to the self-trapping of electrons at (MoO4)2complexes.
2. Materials and Methods
2.1 Powders synthesis
Low radioactivity ancient Pb (T2FA, Lemer Pax, France) has been being used for the detector
shielding in AMORE [22] and other rare event search experiments [25]. Moreover, this Pb has been
utilized for the fabrication of low radioactivity Pb-Sn alloy which serves as soldering material in the
cryogenic detector construction in AMORE experiment. The low radioactivity of the ancient Pb has
been being investigated recently by the cryogenic detection technique which is the most sensitive for
this measurement and reported the 210Pb concentration to be lower than 715 μBq/kg [25]. Such low
activity of the ancient Pb is quite encouraging for its utilization in PMO synthesis. For this purpose,
the ancient Pb block was cut in small pieces, cleaned by HNO3 and dried. The dried Pb pieces were
used to synthesize two different batches of PMO powders by wet chemistry technique. The 1 st batch
of PMO powders was synthesized from ancient Pb and commercial MoO3 (Alfa Aesar) while the 2nd
batch from ancient Pb and deeply purified MoO3 powders. The purification procedure and its
intrinsic radioactivity results were published elsewhere in reference [26]. First, Pb(NO3)2 was
synthesized by following the chemical reaction presented in equation 1:

3Pb + 8HNO3

3Pb(NO3)2 + 2NO + 4H2O

(1)

Second, ammonium molybdate solution was prepared following equation 2.

MoO3 + 2NH4OH

(NH4)2MoO4 + H2O

(2)

Extra amount of MoO3 (5% by weight) than theoretical requirement according to equation 3 was used
to synthesis PMO. The solution of Pb(NO3)2 was added dropwise to the solution of (NH4)2MoO4 under
continuous stirring with magnetic stirrer. Immediately white powders were precipitated. The
powders were collected and dried at 550˚C in vacuum and used for single crystal growth.

Pb(NO3)2 + (NH4)2MoO4

PbMoO4 + 2NH4NO3

(3)
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Extra amount of molybdenum remains in NH4NO3 solution which was recovered from the waste
solution by adjusting pH of the solution as 2 using HNO3 acid. The detail description of the PMO
powder synthesis procedure is illustrated in Figure 1.

Figure 1. Flow chart of the necessary steps employed for the synthesis of PMO powder.
2.2 Crystal growth
A conventional Czochralski method was used for the single crystal growth of PMO crystals from
the synthesized powders. The 1st batch of PMO powders were loaded to a platinum crucible having
diameter and height of 3 cm respectively. The crucible was transferred to Czochralski chamber and
melted the powders with radio frequency heating in Ar atmosphere. The temperature was controlled
by a thermocouple connected to the bottom of the crucible. After complete melting, the PMO seed
was slowly lowered to the melt and grow the crystal with growth and rotation rate of 1 mm/h and 10
rpm respectively. In this way PMO crystals from 1 st and 2nd batches of powders were grown with
diameter of ~15 mm and length of 40 mm as shown in Figure 2. The PMO crystal
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Figure 2. Photographs of PMO crystals grown from (a) 1st batch, (b) 2nd batch of synthesized
powders and (c) 10 mm ⨯ 10 mm ⨯ 10 mm polished samples from crystals grown from 1st, 2nd
batch powders and that received from NIIC.
grown from 1st batch of powders had dark yellow color (Figure 2a) due to the low purity of MoO3
powders. This coloration effect in PMO crystal was previously studied with different purity grade
starting materials and was attributed to extrinsic impurities present in the starting materials [13].
Although we did not measure the extrinsic impurities concentrations in the grown crystal, however,
in analogy, we can attribute this coloration due to the same origin. Our assumption is further
supported from the colorless PMO crystal (Figure 2b) grown from the 2nd batch of powders which
was prepared from ancient Pb and deeply purified MoO3 powders. Samples of 10 mm ⨯ 10 mm ⨯ 10
mm were cut from the grown crystals using diamond coated stainless steel wire saw and optically
polished for various characterizations. The grown crystals were compared with a 10 mm ⨯ 10 mm ⨯
10 mm PMO sample from Nikolaev Institute of Inorganic Chemistry (NIIC) which was grown by low
thermal gradient Czochralski technique from commercially available modern PbO and sublimed
MoO3 powders. The sample grown at our laboratory from 1st batch, 2nd batch powders and from NIIC
were labeled as PMO-K1, PMO-K2 and PMO-N respectively as shown in Figure 2(c).
2.3 Characterizations
The grown PMO crystals were characterized by X-ray powder diffraction (XRD) analysis for
confirmation of phase using an XPERT-MED diffractometer. X-rays of wavelength 0.154 nm was
generated from a Cu target with power of 40 kV and current of 30 mA. The XRD data were collected
in the 2θ range from 10o to 70o with step size of 0.025o and scanning rate of 3 s/step. The recorded
XRD data of the PMO crystals were refined using Material Analysis Using Diffraction (MAUD)
software by Rietveld refinement method [27]. Luminescence of the grown crystals were measured in
temperature range of 300-10 K using excitation of 4.42 eV from a light emitting diode (LED) source.
The crystals samples were wrapped from three sides with several layers of 1 μm thick Teflon tape to
improve light collection while the other three faces were kept bare for thermal coupling to the Cu
sample holding plate, incident light from excitation source, and emission light collection respectively.
Emitted lights from the crystal were collected through a quartz light guide by a calibrated QE65000
ocean optics fiber spectrometer. A schematic representation of the low temperature experimental
setup used for luminescence measurement of PMO crystal is shown in Figure 3(a). The scintillation
light yields of the grown and reference crystals were measured in
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Figure 3. Schematic representations of low temperature experimental setups used for (a)
luminescence, (b) scintillation, and (c) thermoluminescence measurements of PMO crystals.
temperature range of 300-10 K under 662 keV γ-ray excitations from a 137Cs source. Four faces of the
crystal sample except bottom for thermal coupling and top for light collection were wrapped with
several layers of Teflon tape and placed in the cryostat. The 137Cs source was also placed inside the
cryostat at ~1 cm from the sample. A schematic representation of the low temperature scintillation
measurement setup is presented in Figure 3(b). Lights from the crystal were fed to photocathode of
XP2260 PMT through a quartz light guide. Signals from PMT were digitized with 400 MS/s FADC
with a time window of 64 μs. An offline analysis of the recorded data was performed for scintillation
light yield with a customized C++ code compiled and run in ROOT [28]. For TSL measurement the
crystal sample was cooled down to 10 K and irradiated by X-rays through Be window, generated
from a Cu anode. After irradiation the sample was heated at a rate of 0.1 K/s and TSL intensity
through the XP2260 PMT was recorded by a homemade counter in temperature range of 10-300 K.
The TSL measurement setup is shown schematically in Figure 3(c).
3. Results
The XRD results of the grown crystals measured at room temperature are shown in Figure 4(ab) fitted with Rietveld refinement method. The Rietveld refinement shows good agreement between
experimental data and theoretical results (Figure 4,a-b). The residue in Figure represents the
difference between the experimental XRD profile and calculated data which is very close to zero in
intensity scale. The wRp values are less than 9% for both PMO crystals and are in the acceptable (wR p
< 10%) range for a medium complex phase such as tetragonal [14]. Moreover, the Goodness of Fit
(GOF) of 1.09 and 1.15 was obtained for PMO-K1 and PMO-K2 respectively showing good quality of
the refinement. PMO crystallizes in scheelite type tetragonal structure with space group I4 1/a with
obtained lattice parameters of a = 5.439 Å , c = 12.112 Å for PMO-K1 and a = 5.437 Å , c = 12.114 Å for
PMO-K2 which are in good agreement with that reported elsewhere in reference [14]. The detailed
description about the structural refinement of PMO crystals grown with various methods can be
found elsewhere in reference [14].
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Figure 4. XRD patterns of (a) PMO-K1 and (b) PMO-K2 crystals.
Emission spectra of the grown PMO crystals at various temperatures are shown in Figure 5(ab). Under excitation with 4.42 eV lights, these crystals showed weak luminescences at 200 K.
Decreasing temperature of the crystal enhanced the luminescence having the highest intensity at 10
K (Figure 5,a-b). The emission spectra observed in this study have similar band as reported earlier in
literatures with different excitation energies [19,29,30]. The emission spectra are composed of
overlapping emission bands as shown in Figure 5(c). The deconvolution of the 420-900 nm band in
the emission spectrum of PMO-K2 at 10 K shows two emission bands having maximum peaks at 515
nm and 575 nm respectively. These emission bands originate from degenerated triplet states 3T1,2-1A1
transitions of MoO42- oxyanionic complexes. A short wavelength band at about 402 nm arose from
the 1T1,2-1A1 singlet transition of MoO42- complex [30]. Temperature dependence of the integrated
luminescence intensities of PMO-K1, PMO-K2, and PMO-N measured under the same experimental
conditions are shown in Figure 5(d). Luminescence intensities of all these crystals decreased upon
increasing temperature above 75 K. Moreover, luminesce light yields at 10 K for PMO-K1 and PMOK2 were measured to be 70% and 100% respectively to that of PMO-N. The decrease in luminescence
intensity with increase in crystal temperature are assigned to the effect of thermal quenching due to
the dominant non-radiative recombination process at high temperatures. Significance of nonradiative recombination processes reduces at low temperature and results in enhancement of light
yield [16,31].
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Figure 5. (a-b) Emission spectra of PMO-K1 and PMO-K2 respectively at different temperatures,
(c) emission spectrum of PMO-K2 at 10 K deconvoluted by two Gaussian distribution functions
and (d) temperature dependences of integrated luminescence intensities of PMO-K1 (red circles),
PMO-K2 (blue circles) and PMO-N (black circles). All the measurements were performed under
4.42 eV excitation from an LED source.
Temperature dependence of scintillation light yield under excitation with 662 keV γ from a 137Cs
source is shown in Figure 6(a). The photopeak in pulse height spectrum was fitted with Gaussian
function at each temperature and the mean channel number is plotted as a function of temperature.

Figure 6. (a) Temperature dependence of scintillation light yields of PMO-K2 before (red circles)
and after annealing (blue circles) in air atmosphere and PMO-N (black circles), (b) pulse height
spectra of PMO-K2 before and after annealing measured at 40 K. All these measurements were
performed under 662 keV γ-ray excitation from a 137Cs source.
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Light outputs were compared with PMO-N at all temperatures (Figure 6a). Temperature dependence
of the light yield has a similar tendency for both crystals, i.e. enhanced upto 40 K and then quenched
upon further cooling the crystals down to 10 K. Light yield of PMO-K2 at 10 K was calculated to be
50% of PMO-N before annealing. Growths of PMO crystals in Ar atmosphere create oxygen
deficiencies. These oxygen deficiencies are acting as electron trapping centers and reduced the light
yield when PMO crystal was excited with high energy photons. Therefore, annealing PMO-K2 crystal
at 900 ℃ for 24 hours in air atmosphere reduced the concentration of oxygen deficiencies resulting in
enhancement of light output to 127% of PMO-N at 10 K. As presented in Figure 6(b), light output
shows an enhancement of ~3 orders of magnitude at 40 K after annealing. The decrease in scintillation
light yield below 40 K can be understood from TSL glow curve. As can be seen from the TSL glow
curve in Figure 7 measured after X-ray irradiation at 10 K, multiple traps at 39 K, 73 K and 106 K were
observed like that reported earlier for PMO crystal [32]. Origin of these trap centers was investigated
extensively by Electron

Figure 7. TSL glow curve of PMO-K2 measured after X-ray irradiation at 10 K and measured at
heating rate of 0.1 K/s. The inset shows an enlarged view of 80-150 K region.
Paramagnetic Resonance (EPR) technique and high energy photon irradiation and reported in
references [32–34]. The high intensity peak at ~40 K below which the light yield reduced significantly
was assigned to trapping of electrons at (MoO4)2- oxyanionic complexes [32]. Energy transfer to
luminescence center influenced strongly by charge carriers trapping at trap centers. From
temperature dependence of integrated luminescence intensity under 4.42 eV excitation (direct
creation of excitons) no quenching at low temperatures were observed. However, light outputs under
high energy 662 keV γ-ray excitations showed a steep drop below 40 K due to presence of trap centers
at low temperatures. These trap centers are in competition with radiative recombination of charge
carriers and responsible for quenching of light yield below 40 K [32].
To confirm low activity of grown PMO crystal from 210Pb, the internal background measurement
was carried out at 50 K under the low temperature experimental setup and compared with PMO-N.
As shown in Figure 8(a), a large internal background peak of 5.3 MeV α was detected from 210Po for
PMO-N which contains non-ancient Pb. However, a signature of such background peak was not
observed from PMO-K2 (Figure 8b) confirming low radioactivity of the crystal for 210Pb as expected.
The detail investigation of internal activity measurement of PMO grown from ancient Pb will be
carried out at mK in the CPSD setup and will be reported elsewhere.
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Figure 8. Total background spectra of (a) PMO-N and (b) PMO-K2 measured at 50 K.
5. Conclusions
A synthesis method for PMO powders from ancient Pb and deeply purified MoO3 powders was
successfully developed. A single crystal growth from the synthesized powders by a Czochralski
technique resulted crack free PMO crystals. The grown crystals showed high phase purity as
confirmed from XRD measurement. The dark yellow and white colors of PMO crystals grown from
low grade and high purity powders respectively confirmed origin of colors due to impurities. Low
temperature luminescence measurement reveals the identical emission bands as reported previously
due to singlet T1,2 and triplet T1,2 states to ground state 1A1 transition of the (MoO4)2- complex. Low
temperature scintillation light yield of PMO-K2 under 662 keV γ-ray excitation shows higher light
yield than the reference PMO crystal after annealing in air atmosphere. Moreover, the quenching of
scintillation light yield below 40 K was confirmed from TSL measurement due to presence of high
intensity glow peak at low temperature and attributed to the trapping of charge carriers at these trap
centers. An internal background measurement of PMO-K2 at 50 K shows low activity in 210Pb. These
investigations reveal great potential of PMO to be used for 0υββ decay search in 100Mo. Further study
on the PMO crystal as a bolometer at mK temperature is underway to fully investigate its feasibility
for the 0υββ decay search.
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