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Photoinduced changes in the optical absorption and dielectric properties of PbMoO4 and Pb2MoO5

crystals are considered. Differences in the manifestation of the photochromic effect in both crystals are
associated with differences in their crystal structure. It is assumed that the photodielectric effect in
the PbMoO4 and Pb2MoO5 crystals is due to the presence of the same anionic complexes. The nature
of the structural defects in the crystal lattice and their transformation under the heat treatment of
PbMoO4 and Pb2MoO5 crystals in various atmospheres and ultraviolet irradiation was analyzed.
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1. Introduction

The phase diagram of the PbO–MoO3 sys-
tem contains two congruently melting compounds:
PbMoO4 with a melting point at 1343 K, and
Pb2MoO5 with a melting point at 1223 K [1]. Crys-
talline lead molybdate (PbMoO4) is widely used in
acousto-optical devices for controlling the parame-
ters of light and optical data processing. Besides,
these crystals doped with rare-earth elements are
recognized as the most perspective materials for
creating solid Raman lasers for LIDAR systems,
in which lead molybdate is used as an active laser
medium and Raman converter [2]. Lead molybdate
is also a promising cryogenic scintillator in neutrino-
free double β decay experiments [3, 4]. Great de-
mand for the PbMoO4 crystals of acceptable qual-
ity has stimulated the development of the crystal
growth technology [5–11].

Two-lead molybdate (Pb2MoO5) has not yet
been widely used in acousto–optics, mainly owing
to the lack of an affordable technology for grow-
ing high-quality crystals. Nevertheless, Pb2MoO5

is an optically biaxial crystal with large and
strongly anisotropic acousto–optical parameters,
which opens up the perspectives of its applica-
tions in fundamentally new acousto–optical de-
vices [12, 13].

The structure of the considered crystals is differ-
ent. Lead molybdate PbMoO4 possesses a scheelite-
type structure with a tetragonal space symme-
try group I41/a and lattice constants a = b =
0.54312 nm, c = 1.21065 nm. The unit cell contains
Z = 4 formula units. In the PbMoO4 lattice, Pb

atoms are positioned within the PbO8 dodecahedra,
which are linked with each other by the edges. The
PbO8 dodecahedra and MoO4 tetrahedra are linked
via common vertices. Each O atom is coordinated,
in turn, by two Pb atoms and one Mo atom [14–16].

The lattice of Pb2MoO5 belongs to a mon-
oclinic system with the space symmetry group
C3

2h-C2/m [17]. The unit cell contains four for-
mula units Z = 4, the lattice parameters are
a = 1.4225 nm, b = 0.5789 nm, c = 0.7336 nm
(β = 114.0◦), where the b-axis is directed along
the C2 symmetry axis. The Pb2MoO5 structure is
characterized by a cleavage plane with indices (2̄01).
Also Pb–O zigzag-like chains are along the z-axis,
the existence of which is a specific distinctive fea-
ture of the Pb2MoO5 crystal structure.

The effectiveness of the applications strongly de-
pends on the quality of the grown crystal. A signifi-
cant drawback of these acousto-optical materials is
light yellow coloration and the dependence of opti-
cal absorption on external influences (UV irradia-
tion, annealing in various atmospheres).

Study of the electrical and optical properties of
both crystals revealed a number of photoinduced
phenomena. In particular, the photochromic and
photodielectric effects were observed in [18–21].
Photochromism consists in changing the optical ab-
sorption spectra and, as a consequence, changing
the color of crystals irradiated with UV light. The
photodielectric effect is manifested by the appear-
ance of anomalies on the temperature dependences
of permittivity ε and conductivity σ after UV light
irradiation.
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In this article, we analyze similar features and
differences in the manifestation of these phenomena
in single crystals of the PbO–MoO3 system.

2. Experimental

Single crystals of PbMoO4 and Pb2MoO5 were
grown in air from melt by the Czochralskii method.
The charge was prepared from the lead and molyb-
denum oxides of “high purity” grade using ceramic
technology. Both reagents were taken in the sto-
ichiometric ratio. The obtained PbMoO4 crystals
had a diameter of up to 35 mm and a length
of about 50–60 mm; Pb2MoO5 crystals were up to
20 mm in diameter and up to 40 mm in length. Both
types of the crystals were free from macroscopic in-
clusions (gas bubbles, cracks) and had a light yel-
lowish color [22]. High-temperature treatment of the
PbMoO4 crystals in air was carried out in a muf-
fle furnace at 1200 K. The annealing time in the
experiments varied from 2 to 90 h. Annealing of
Pb2MoO5 crystals in vacuum was carried out at
1000 K during 1–2 h.

The optical transmission spectra were measured
at 295 K on the crystal doubly polished plates
using a “Specord M-40” spectrophotometer. The
polished planes were oriented parallel to (001) for
PbMoO4 and (010) for Pb2MoO5. The thickness of
the samples was 10–13 mm for PbMoO4 and 5.3 mm
for Pb2MoO5.

The photochromic coloration was observed after
irradiation by light of Hg lamp during 2–5 h. Col-
ored samples were returned to the initial state by
annealing at 700–800 K in air for 2 h.

Permittivity ε was measured in the AC field by
the four-wire method using a Keysight E4980AL
LCR Meter at different frequencies (f = 1–10 kHz)
in the temperature interval 290–700 K. Samples
were prepared as plane-parallel plates with dimen-
sions 5×5×1 mm3. The main planes of the samples
were cut as for optical experiments. Platinum elec-
trodes were used. Before each measuring cycle, the
short-circuited samples were heat treated in air at
700 K for 10 min. Such procedure was used in order
to eliminate the dependence of the electrical proper-
ties on the sample pre-history. After thermal treat-
ment, the samples were cooled to room temperature
and irradiated for 40 min through the polished side
faces with UV light of Hg lamp. Permittivity was
measured on a heating run with a rate of 8 K/min.

3. Results and discussion

3.1. Color centers in PbMoO4, Pb2MoO5

single crystals

The problem of obtaining colorless PbMoO4 crys-
tals is very important for optical applications. Be-
cause, as a rule, PbMoO4 crystals grown in differ-
ent laboratories using the Czochralski method in air
have yellow color and exhibit a photochromic effect

due to the presence of intrinsic and/or impurity de-
fects. Great efforts have been made to develop tech-
nology for the growth of high quality PbMoO4 crys-
tals [2, 5–11, 18, 21–23]. Particular attention was
paid to the purity of the initial reagents, evapora-
tion of components, and determination of the op-
timal directions of crystal pulling. In a number of
works [6, 24–27], the color of PbMoO4 crystals was
attributed to the existence of impurities of the iron
group (Mn, Cr). In [28–31] it was suggested that
the dominant type of point defects in PbMoO4 are
cationic vacancies. Authors assumed that evapora-
tion of the components from the melt led to the
appearance of molybdenum ions vacancies (VMo)
which changed the structure locally and resulted in
the formation of hole color centers.

Colorless PbMoO4 crystals were obtained for the
first time by high-temperature annealing in an at-
mosphere with a low partial pressure of oxygen [23].
The author suggested that the interaction with the
environment during the growth and annealing of
PbMoO4 crystals leads to the formation of Pb3+
and Mo5+ defects. The optical absorption in the
area of 23000 cm−1 (435 nm) was attributed to
the oxidation of Pb2+ ions to Pb3+. Unfortunately,
the crystals discolored by annealing in a vacuum
were colored under the action of high-energy ra-
diation. Broad absorption bands with maxima at
26300 cm−1 (380 nm) and 17400 cm−1 (575 nm)
at 80 K were attributed to intrinsic transitions
in the Mo5+ ion.

We have carried out comprehensive studies of op-
tical absorption in PbMoO4 crystals grown in Lab-
oratory of Active Dielectric Crystals of Dnipro Na-
tional University. We considered the effects of com-
position variations, high-temperature treatment in
air, UV irradiation and doping on the optical prop-
erties of PbMoO4 single crystals [18 19, 21, 32]. Ac-
cording to our results the optical transmission of
the crystals in the visible region of the spectrum is
strongly influenced by local centers. Cationic and
oxygen vacancies can be considered the most typ-
ical defects arising during crystal growth. The im-
purity content can be controlled by charge purifica-
tion and doping. A charge with an excess of MoO3

up to 0.5 mol.% was used to compensate the non-
stoichiometry of the composition due to evapora-
tion of the components of the melt. This reduces
the likelihood of complex defects as Mo6+ ion va-
cancies. The presence of Pb2+ ion vacancies appar-
ently plays an essential role in the formation of color
centers in the crystal lattice of PbMoO4, as well
as the substitution of Pb2+ with by Ba2+, Bi3+
ions [18, 21, 32, 33]. Annealing in different atmo-
spheres, changing the number of oxygen vacancies,
leads to a change in the charge state of a certain
fraction of cations. According to the model devel-
oped in [23], the optical absorption in the region
of 23000 cm−1 is caused by the oxidation of Pb2+
ions to the Pb3+ state. The Pb3+ paramagnetic
centers in scheelites (CaWO4–Pb) were observed
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by EPR [34] earlier. Perhaps, the lack of the evi-
dence for the existence of Pb3+ in lead molybdate
is due to the low concentration of these centers. In
as-grown yellow PbMoO4 crystals the concentration
of Pb3+ was estimated to be 1.4×1015 cm−3 in [23].

A thorough study [16] of the crystal structure of
PbMoO4 by X-ray and neutron diffraction methods
showed the absence of Mo6+ ions vacancies and the
presence of a significant number of Pb2+ ions va-
cancies in the crystals grown in air. It is believed
that the charge misfit introduced by such defects
can be compensated by both the oxygen vacancies
VO and by the Pb2+ →Pb3+ transition.

We have annealed PbMoO4 crystals in air
at 1200 K. In the case of a relatively short-term
(2–7 h) annealing, a significant decrease in opti-
cal transmission near 23000 cm−1 was observed.
We believe that filling the oxygen vacancies should
stimulate the transition of some Pb2+ ions to the
Pb3+ state to provide charge compensation for
the lead vacancies. After prolonged heat treat-
ment (85–90 h), the transmission near 23000 cm−1

dropped to zero. In addition, a noticeable increase
in transmission of the light in the optical spectra
was observed near 25000 cm−1 and in the area of
16000–17000 cm−1. These optical absorption bands
were attributed in [23] to internal transitions in
the Mo5+ ion. The presence of Mo5+ ions is not
unusual for scheelites. Such centers were found in
CaWO4 [35], CaMoO4 [23], PbMoO4 [23, 36]. Re-
cently published low-temperature experiments of
EPR in PbMoO4 crystals showed the existence of
several types of photoinduced centers, including
Mo5+ [33, 37]. In [35] it was pointed out that the
presence of oxygen vacancies near Mo6+ ions fa-
vored the capture of electrons and the formation
of Mo5+. Since high-temperature annealing in air
decreases the concentration of oxygen vacancies, as
a result, the number of Mo5+ ions also decreases.

In our experiments, the irradiation with UV-light
of the as-grown crystals changed the yellow color of
crystals to dark gray. This photochromic effect was
reversible. Heating in air up to 700–800 K elim-
inated the absorption induced by UV irradiation.
Three wide absorption bands with maxima 25000,
23500 and 17000 cm−1 appeared in the optical ab-
sorption spectra. Based on the adopted model [23],
the photochromic effect in PbMoO4 crystals most
likely is caused by the charge exchange between
cations by means of the redox reactions. It can be
described by

Mo6+ + Pb2+ ↔ Mo5+ + Pb3+. (1)

Among the most studied phenomena induced by
UV excitation is the luminescence of PbMoO4 crys-
tals [15, 38–40]. It is suggested there that pho-
toluminescence is caused by radiative transitions
in (MoO4)2− complexes and transfer of an elec-
tron from Pb2+ ions to the adjacent molybdenum
groups. The formation of Pb3+–Mo5+ glow centers
generated by UV irradiation was considered in [39].

Fig. 1. The effect of isothermal treatment in vac-
uum (T = 1000 K) and UV irradiation on the opti-
cal transmission of Pb2MoO5 crystals grown in air
(a): 1 — initial state; 2 — after heat treatment for
1 h; 3 — after UV irradiation of annealed sample
for 2 h; 4 — after additional heat treatment for
1 h and repeated UV irradiation. The spectral dif-
ferences (b) are shown by the curves: 1 = 1 − 2;
2 = 1 − 3; 3 = 1 − 4. The thickness of the samples
was 5.3 mm.

The authors of [40] also suggested that the elec-
tronic states of lead participated in the formation
of emission centers or took part in the transfer of
energy to the centers responsible for the photolu-
minescence in PbMoO4. This conclusion was con-
firmed in [37], where mixing of lead orbitals in the
ground state of the MoO4 complex was found to
be about 40%. These results correlate well with our
model of cation charge exchange that includes in
the photochromic effect in PbMoO4 crystal.

We also studied the influence of UV irradia-
tion and high-temperature treatment on the optical
transmission of Pb2MoO5 single crystals. The re-
sults of the experiments are given in Fig. 1. The ef-
fects of the external influences on the PbMoO4 and
Pb2MoO5 optical properties are quite different, and
the following features can be mentioned.
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First, there is no appreciable photochromic effect
in the as-grown Pb2MoO5 crystals. The changes in
the crystal optical transmission spectrum after UV
irradiation for 2 h are about 1–2%, which is within
the experimental error.

Second, high-treatment of Pb2MoO5 single crys-
tals in a vacuum led to a significant decrease in the
optical transmission (Fig. 1a). The curves of the
difference between the spectra of the as-grown and
annealed Pb2MoO5 crystals show two wide absorp-
tion bands near 25500 and 17000 cm−1 (Fig. 1b).
These bands, as we noted in the case of PbMoO4,
are typical of internal transitions in the Mo5+ ions,
so that we can conclude that the Mo5+ ions concen-
tration in Pb2MoO5 increases as a result of anneal-
ing in vacuum. This does not contradict the results
obtained for PbMoO4, however, no discoloration of
the crystals due to the reduction of Pb3+ ions to
Pb2+ is observed.

Third, UV irradiation of Pb2MoO5 crystals an-
nealed in a vacuum led to a slight decrease in
transmission (4–5%) in a wide range of wavelengths
(Fig. 1a). Most likely, this was due to the forma-
tion of F-centers on oxygen vacancies, the number
of which increased as a result of annealing.

Fourth, heat treatment in air at 800 K for 2 h
of samples annealed in vacuum and irradiated with
UV light restored the optical transmission to its
original state. No additional coloration was ob-
served.

It is obvious that the differences in the pro-
cesses of defect formation and their evolution un-
der the external influences in the considered crys-
tals depend on the differences in their crystal
structure. At the same time, both crystals con-
tain the characteristic molecular anionic tetrahedra
(MoO4)2− with almost the same Mo–O distance
(0.177 nm) [16]. One can suppose that these co-
ordination complexes are responsible for the pho-
todielectric effect inherent in both crystals. The
photodielectric effect is considered in the next
section.

3.2. Photodielectric effect in PbMoO4

and Pb2MoO5 single crystals

It was previously reported that UV irradiation
caused anomalies of the temperature dependences
of permittivity ε and conductivity σ of PbMoO4

and Pb2MoO5 crystals [17, 19–21]. Such effect was
attributed to the dipole defects formation induced
by UV light. It was shown that ε(T ) and σ(T )
maxima increased in amplitude for higher expo-
sure time. The anomalies ε(T ) and σ(T ) could be
detected only on the first heating run and dis-
appeared after heating up to 500 K for PbMoO4

and 700 K for Pb2MoO5. Obviously, disappear-
ance of the ε(T ) and σ(T ) maxima can be as-
cribed to thermal destruction of the dipole cen-
ters. These centers can be regenerated by subse-
quent UV light irradiation of the sample at room
temperature.

Fig. 2. Dependencies of permittivity ε(T ) for
PbMoO4 (a) and Pb2MoO5 (b) crystals irradiated
with UV light. Irradiation was performed on an-
nealed samples at T = 290 K for 40 min.

Figure 2a shows ε(T ) dependence for the
PbMoO4 crystals irradiated previously with UV
light at room temperature, measured at different
frequencies. One can see that as the AC field fre-
quency increases, the well detected ε(T ) peak shifts
to high temperatures and its amplitude decreases.
Figure 2b shows a similar behavior for Pb2MoO5

but the photodieletric peak for double lead molib-
date is observed at 200 K higher as compared with
PbMoO4 (Fig. 2a). One can note that the frequency
dispersion observed is typical of thermal relaxation
processes. Nevertheless, the ε(T ) peaks are quite
symmetrical, which is markedly different from usual
step-like dielectric relaxation anomalies.

To discuss the nature of the dipole centers respon-
sible for the photodilectric effect, consider avail-
able experimental data. In recent EPR and TSL
experiments [33, 37] three types of the photoin-
duced centers were found in PbMoO4 crystals.
All of them represented (MoO4)3− complexes with
trapped electrons and with different surroundings
in the nearest Pb sites. All these centers were sta-
ble only at low temperatures and were destroyed
by heating in the interval 40–120 K. However, these
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models show the possibility of capturing the pho-
toexcited electron by the complex (MoO4)2−and
transforming of it into (MoO4)3−. Our optical data
confirmed the appearance of Mo5+ ions under the
action of UV irradiation. Taking into account the
EPR data in PbMoO4 and other scheelites [33, 37,
41–43], we associate the formation of dipole defects
induced by UV light and causing anomalies in ε(T )
and σ(T ), with the capture of photoelectrons by
molybdenum ions located inside a tetrahedron dis-
torted by oxygen vacancies (MoO3)−. An additional
neighbouring defects in lead sublattice could sta-
bilize such complexes similarly to the situation in
PbWO4 [42]. The electric dipole moment of a dis-
torted (MoO3)− tetrahedron is created by excess
charges of a photoelectron captured by molybde-
num and oxygen vacancy. In an external AC field,
reorientations of the dipole moment caused by ther-
mally activated hopping of oxygen vacancy lead to
the appearance of the anomalies in the electrical
properties of PbMoO4.

The photodielectric effect is observed in both
PbMoO4 and Pb2MoO5 and displays similar be-
haviour. Thus one can assume that the mechanism
of these effects may be similar and attribute the
photodielectric effect to common structural com-
plexes, i.e., (MoO4)2− anionic groups. Obviously,
the temperature differences of the ε(T ) maxima
in PbMoO4 and Pb2MoO5 crystals can be related
to different structural surroundings of (MoO4)2−

tetrahedra.
It should be noted that only one of the possi-

ble models was considered here. There are other
possible traps for photoelectrons and, for in-
stance, Pb+–VO dipole centers found earlier in
PbWO4 [42].

4. Conclusions

A comparative analysis of the photoinduced ef-
fects in PbMoO4 and Pb2MoO5 single crystals sub-
jected to heat treatment in different atmospheres
and irradiated with UV light was carried out. Sig-
nificant differences between the phenomena caused
by external influences on the optical properties of
PbMoO4 and Pb2MoO5 were found.

It is assumed that in PbMoO4, Pb2+ vacancies
play an important role and make for the appear-
ance of Pb3+ centers. These defects cause optical
absorption in the region of 23000 cm−1, which is
responsible for the yellow color of the crystals. Heat
treatment in air of the crystals at 1200 K leads to
filling the oxygen vacancies, which results in oxida-
tion of Pb2+ to Pb3+ and Mo5+ ions to Mo6+. The
optical absorption of the annealed crystal sharply
decreases in the area of 23000 cm−1 and increases
in the region 16000–17000 cm−1. A reversible pho-
tochromic effect was observed after UV irradiation.
The absorption in the area of 23000 and 17000 cm−1

increases due to a recharge of the cations in the crys-
tal lattice.

Annealing in vacuum does not discolor Pb2MoO5

crystals similarly to PbMoO4, but, on the contrary,
leads to additional optical absorption in the area of
25500 and 17000 cm−1 due to an increase in the con-
centration of Mo5+ ions. A noticeable photochromic
effect is observed only for Pb2MoO5 crystals an-
nealed in vacuum. It is assumed that this is due to
the formation of F centers on oxygen vacancies, the
number of which increases as a result of annealing.

UV irradiation of PbMoO4 and Pb2MoO5 crys-
tals also leads to the appearance of ε(T ) permit-
tivity relaxation peaks. One can assume that the
photodielectric effect has the same nature and can
be attributed for the common for both PbMoO4

and Pb2MoO5 crystals coordination complexes, i.e.,
molybdenum–oxygen tetrahedra. The dipole defects
contributed to the photodielectric effect can be as-
sociated with Mo–O tetrahedra distorted by oxygen
vacancy and photoelectrons capture. Hopping of VO

through Mo–O tetrahedra vertices is accompanied
by re-orientations of dipole moments of (MoO3)−

complexes. For the used frequencies of the AC field,
ε(T ) anomalies are detected in the temperature in-
terval where thermally activated destruction of the
dipole centers becomes sufficient. This fact deter-
mines the specific character of the ε dependence on
temperature and frequency.
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