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Lanarkite type Pb,MoOs single crystals were grown using low temperature gradient Czochralski
technique and their optical and luminescent properties were studied. The luminescence band at
590-600 nm was observed under UV and X-ray excitations and ascribed to emission of self-trapped
excitons. The band is thermally quenched at T> 15 K with the activation energy of process, E,.; = 11 meV.
The measurements of thermostimulated luminescence demonstrated the presence of shallow traps,
which adversely influence the energy transfer to the emission centers.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The phase diagram of the PbO-MoO5 contains two congruently
melting compounds - PbMoO, and Pb,MoOs. In contrast to the
well-known scheelite type PbMoO, crystals, the properties of lan-
arkite type Pb,MoOs crystals, which belong to the monoclinic
space group C2/m [1,2] are poorly studied. The crystal is known
as a promising material for acousto-optical application [3-5], while
its luminescent properties are almost unstudied. Molybdates now
attract enhanced attention because of the potential application in
cryogenic scintillation bolometers [6]. Properties of PbMoO,4 have
been already studied, demonstrating that lead containing molyb-
dates are promising for this application [7]. Pb,Mo0Os is a dense
(7.1 g/cm?®) crystal, which also may be a perspective scintillator.
The first results on the luminescence spectra, excitation spectra
as well as on the band structure calculations of Pb,M0Os5 are pre-
sented in [8,9]. However these papers contain controversy data
on the luminescent properties of Pb,MoOs5 that might be connected
with the different quality and purity of the studied samples. The
aim of this work is to perform the study of the luminescent
properties of high quality Pb,MoOs single crystals in order to
obtain the data, which will allow to estimate its applicability for
low-temperature experiments.

* Corresponding author at: Institute of Physics, University of Tartu, 50411 Tartu,
Estonia.
E-mail address: deris2002@mail.ru (D.A. Spassky).

http://dx.doi.org/10.1016/j.0ptmat.2015.01.041
0925-3467/© 2015 Elsevier B.V. All rights reserved.

2. Experimental details

The single crystals of Pb,MoOs; were grown from the stoichiom-
etric melt using the low temperature gradient Czochralski (LTG CZ)
technique. The feature of method is the extremely low tempera-
ture gradient 0.1-1.0K/cm in the melt in comparison to
conventional Czochralski technique with the temperature gradient
10-100 K/cm. The single crystals were grown in the direction, per-
pendicular to the cleavage plane with the growth rate 1.5-2.5 mm/
h. The growth procedure has been described in more details in [10].
It is worth noting that the crystals of Pb,M0Os, which were studied
in [8,9] has been obtained in form of polycrystalline powder sam-
ples prepared by conventional solid state reactions [8] or in form of
single crystals grown by the conventional Czochralski technique
[9]. The LTG CZ method allows growing the crystals of superior
optical quality as it has been shown, e.g. for zinc molybdate
crystals [11].

As a result, Pb,MoOs single crystals up to 100 mm long and
50 mm in diameter and up to 700g in mass were obtained
(Fig. 1). According to [12] the presence of microinclusions of other
phases is the problem of the Pb,MoOs single crystals growth of
large dimensions. The crystals grown using the LTG CZ technique
were free from the inclusions of other phases. Impurities concen-
tration in the investigated Pb,MoOs was analyzed by means of ion-
ization mass spectrometry analysis. The measurements were
performed using a laser mass-spectrometer EMAL-2. The traces
of Ca (0.1 ppm) Ag (0.8 ppm) and W (100 ppm) were detected
while the concentration of other elements was below 0.1 ppm.
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Transmission spectra were recorded in the visible to near IR
spectral range using a Shimadzu spectrometer UV-2501PC. The
working planes of samples were parallel to the perfect-cleavage
plane (201). Luminescence spectra and decay curves were mea-
sured under UV-excitation at the laboratory setup in the tempera-
ture region 7-100 K. The luminescence spectra were corrected for
the spectral sensitivity of registration channel. The measurements
of X-ray excited luminescence, TSL glow curves and spectra were
carried out at the Institute of Light and Matter of Claude Bernard
Lyon University (France). An X-ray source with a tungsten anode
operating at U =30 kV was used as an excitation source.

3. Results and discussion

The transmission spectra were recorded for a polished Pb,M00Os
plates 2.5 and 16 mm thickness. The crystal is transparent starting
from 365 nm on the 5% transmission level. The transmission is
about 72% in the visible and near infra-red regions. The transmis-
sion cutoff is shifted to longer wavelength region in comparison
to the data presented in [13] - 336 nm. We suppose that the shift
is due to the different thickness of samples - 2.5 mm in our exper-
iments and 0.15 mm in [13]. The absorption band is observed in
the transparency region of crystal at 400-480 nm and is connected
with the absorption of intrinsic defects, probably with the oxygen
vacancies (Fig. 2, curve 2). The band is observed only for the thick
sample (16 mm) and responsible for the yellowish coloration of
crystal (Fig. 1).

An intensive emission band was observed under UV and X-ray
excitation at 10K (Fig. 3). The maximum of emission band is
located at 590nm for UV excitation and it slightly shifts
(~10 nm) to the long-wavelength region in the case of X-ray exci-
tation. The excitation spectrum demonstrates a broad band with a
maximum at 320 nm. According to [8] the crystal demonstrates the
broad emission band with maximum at 525 nm with the excitation
band peaking at 345 nm at T = 4.2 K. Another result is presented in
[9] where the emission band has maximum at 600 nm with the
excitation band peaking at 315 nm at T=8 K. The position of the
emission band registered by us well corresponds to that presented
in [9], while the result obtained in [8] is not confirmed with the
present data.

The edge of excitation spectrum in the long wavelength region
corresponds to the fundamental absorption edge of crystal (Fig. 3,
curve 4). The observed slight mismatch of the edges is due to the
different temperature of measurements of the excitation (10 K)

Fig. 1. Pb,MoOs single crystal grown by the low temperature gradient Czochralski
technique.
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Fig. 2. Transmission spectra for the Pb,MoOs plates 2.5 (1) and 16 mm (2) thick,

T=300K. In the inset: Absorption spectra calculated from transmission spectra of
the plate 2.5 mm thick measured at 300 K (3) and 80 K (4).
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Fig. 3. Luminescence spectra of Pb,MoOs measured under X-ray (1) and UV,
Jex =340 nm (2) excitation and luminescence excitation spectrum, Zem =590 nm
(3), T=10K. Curve 4 represents the absorption edge of Pb,MoOs at T=80 K. In the
inset - enlarged luminescence spectrum at /.x =340 nm in the short wavelength
region.

and absorption (80 K) spectra. Fundamental absorption edge shifts
to the long-wavelength region with the increase of temperature
(see inset in Fig. 2) following the Urbach rule [14] and the edge
in excitation spectrum will follow this shift in case when the lumi-
nescence is excited via the interband electron transitions. The pres-
ence of broad emission band, which is excited starting from the
edge of fundamental absorption region is common for the molyb-
dates. The band is ascribed to the emission of excitons, which are
self-trapped at MoO, complexes. The position of STE emission
band depends on the crystal structure of a given molybdate. In
crystals with the scheelite crystal structure (CaMoO4, PbMo0Oy,
SrMo0O,4, BaMo0Q,) the self-trapped excitons (STE) emission band
is peaking around 480-530 nm [15]. The band shifts to the long
wavelength region for molybdates, which crystal structure differs
from scheelite, e.g. 540 nm in MgMoO, [16], 580 nm in Li;MoO,4
[17], 640 nm in ZnMoO,4 [11], etc. Though the crystal structure of
these molybdates is different, all of them are characterized by
the presence of isolated tetrahedral MoO,4 complexes, which are
responsible for the self-trapping of excitons. The crystal structure
of Pb,MoOs is also characterized by the presence of tetrahedral
Mo0O,4 complexes. The position of the broad emission band in Pb,-
MoOs correspond to the spectral region of the STE emission in
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molybdates and the excitation of the luminescence starts in the
region of the absorption edge of crystal. It allows to attribute the
observed luminescence band in Pb,MoOs to the emission of STE.

The complex character of the emission band in Pb,MoOs has
been supposed in [9] because a shoulder to the main emission
band has been observed at 580 nm. Our experiments did not con-
firm the complex structure of the band. We have measured decay
curves in the region of the maximum of STE band as well as at the
short-wavelength and long-wavelength slopes of STE band (Fig. 4).
The curves are similar, i.e. the decay times of the components and
their relative amplitudes do not depend on the wavelength. This
observation confirms that the emission band is elementary. Decay
curves can be fitted with a sum of two exponents with decay times
8.2+0.2 us and 25.0 + 1.4 ps. Presence and origin of several decay
components in the emission of molybdates is a complicated ques-
tion. The studies of the emission decay kinetics as well as its tem-
perature dependence have been performed earlier for several
molybdates including PbMoO, [7,18-20], CaMoO, [21-24],
MgMoO, [21], CdMoO, [25]. Several decay components with decay
times varying from units to tens of ps have been observed fre-
quently for the emission of STE indicating the presence of several
excited energy levels or different configurations of the MoO4 com-
plexes, which are responsible for the radiative transitions. Some of
these results have been obtained under irradiation by X or y rays or
high-energy particles [7,22,23]. In such cases, the decay curves
deviate from an exponential behavior in their initial part because
of the interaction between excitons created at high densities in
the ends of secondary electron tracks as it was shown for CdAWO,4
[26]. Therefore, a complex decay kinetics of the STE emission under
high-energy excitation does not necessary provide the evidence of
the availability of several excited energy levels. The results
obtained by using selective excitation with conventional sources
in the UV spectral region should give more direct information,
however contradictory data have been obtained even in this case.
The measurements of decay curves in a wide temperature region
have demonstrated the presence of a single component or several
decay components in the triplet STE emission of PbMoO, ([19,18],
respectively) and also in that of CaMoO4 ([24,21], respectively).
Time-resolved spectroscopy has also been used for the determina-
tion of the spectral composition of the STE emission in CdMoO,. It
has demonstrated the presence of a single band [25] or several
emission bands attributed to the emission from different MoO4
excited states split by the Jahn-Teller effect [27]. The contradictory
results indicate the difficulties in preparation of high-quality crys-
tals as well as the absence of a clear understanding of the origin of
a complex emission decay in molybdates.
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o
=
T

time, us

Fig. 4. Decay curves of Pb,MoOs at /Jep, =650 nm, 580 nm, 500 nm (1-3) and
400 nm (4) under Aex =340 nm, T=10K.

The results obtained by us agree, e.g. with those obtained for
CdMoO4 [25] and for PbMoO,4 [18] where slower and faster compo-
nents with decay times of few and tens of s are observed at low
temperatures. We suppose that a three level scheme of a triplet
exciton proposed as a model of an emission center is valid also
for the emission of triplet STE observed in Pb,Mo0Os. It explains
the availability of two components in the decay of triplet exciton
emission by the non-equilibrium initial population of the emitting
and metastable states of the triplet at low temperatures.

It is worth noting that the additional low-intensity band peak-
ing at 390 nm has been also observed in the luminescence spec-
trum under UV-excitation (see inset in Fig. 3). The decay curve of
this band coincides with the shape of excitation pulse that implies
that the decay time of the band is less than 10~ s (Fig. 4, curve 4).
Recently the short-wavelength emission band with decay time of
several ns has been detected in some molybdates, e.g. in PbMoO4
and CaMoOy4 [9,20,21]. The band was ascribed to the singlet STE,
viz to the transitions from the singlet states 'T; and T, of the low-
est excited configuration of MoO,4 complex to 'A;. Similar mecha-
nism may be proposed for the short-wavelength band in Pb,MoOs.

The temperature dependence of the intensity of STE emission
band is presented in Fig. 5. Under UV excitation the dependence
has plateau in the region 9-15 K and the thermal quenching starts
at T> 15K (Fig. 5a). The temperature dependence can be fitted
using Mott formula with the activation energy E.. = 11 meV. The
temperature dependence of STE emission intensity under X-ray
excitation slightly differs from that, measured under UV-excitation
(Fig. 5b). The main differences in the dependence measured under
X-ray excitation are the following: (I) the presence of the bend at
28 K; (II) the thermal quenching starts at T>20K and (IIl) at
T <15 K the intensity is decreased by 10%. These features are con-
nected with the influence of trapping effect on the efficiency of STE
creation from separated electron-hole pairs, which are created
under X-ray excitation. The TSL curve is presented in Fig. 6, which
reveals the presence of strong peak at 25 K followed by the low-
intensity peak at 54 K. The luminescence spectra measured in
these peaks coincide with the intrinsic emission of Pb,MoOs (see
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Fig. 5. (a) Temperature dependence of STE emission intensity at Zlex =340 nm
(circles) and its fitting using Mott formula with E, =11 meV. (b) Temperature
dependence of STE emission intensity under X-ray excitation.
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Fig. 6. TSL curve of Pb,MoOs after irradiation with X-rays at T= 10 K. In the inset -
TSL spectra in peaks at 25 K (1) and 54 K (2).

inset in Fig. 6). The presence of strong TSL peak at 25 K results in
the decrease of STE emission intensity by 10% with the cooling of
sample down to 10 K. Similar effect has been observed for PbMoO,
were the strong TSL peak has been observed at 43 K and the STE
emission decreased by ~30% with the cooling of sample down to
T=10K [28]. The TSL peak has been attributed to the thermal
release of self-trapped electrons in PbMoO,. Existence of holes,
self-trapped by MoO4 complexes has been also detected in molyb-
dates [28]. However, the self-trapped holes have not been observed
in PbMoO, because of the presence of Pb 6s states at the very top of
the valence band. The stabilization of self-trapped holes is improb-
able in such case due to their possible migration over the lead
states. The band structures of PbMoO4 and Pb,MoOs are similar
in the vicinity of bandgap [9]. Therefore we tentatively ascribe
the strong peak at 25 K in Pb,MoOs to the self-trapped electrons
while the self-trapped holes are not expected to be revealed in TSL.

Trapping should negatively influence the light yield of cryo-
genic scintillator because some part of created charge carriers will
be captured by shallow traps. In order to estimate the applicability
of Pb,MoOs as a cryogenic scintillator we compared its lumines-
cence intensity under X-ray excitation with the luminescence
intensity of PbMoO, and Li;MoO,4, which are promising crystals
for cryogenic scintillating bolometers [7,29]. The luminescence
intensity of Pb,MoOs is comparable to that observed in PbMoO4
and it is one order of magnitude higher than the luminescence
intensity of Li;M00,. Taking into account that the light yield of
PbMoO, crystal has been estimated as ~5500 ph/MeV [28] one
can expect the comparable value of light yield also for the Pb;MoOs5
crystals. It allows to consider Pb,MoOs as a promising crystal for
cryogenic scintillation bolometers.

4. Conclusions

The Pb,Mo0Os single crystals of high optical quality were grown
by the LTG CZ technique and their optical and luminescent proper-
ties were studied. The broad elementary emission band peaking at
600 nm is ascribed to the emission of triplet STE. The decay of STE
emission is characterized by the presence of two components with
decay times 8.2 + 0.2 us and 25.0 + 1.4 ps at T= 10 K. The thermal
quenching of STE emission starts at T> 15 K, the activation energy
of quenching process is calculated as E,. = 11 meV. The TSL curve
reveals the presence of two peaks at 25 and 54 K. The trapping pro-
cess is responsible for the decrease of the intensity of STE emission
at T< 15 K under X-ray excitation and it is expected to worsen the
scintillation properties of crystal at low temperatures. The emis-
sion intensity under X-ray excitation is comparable to that of the

promising cryogenic scintillator PbMoO, that allows to consider
the Pb,MoOs crystals for this application as well.
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