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ABSTRACT
Electrical properties and optical absorption of PbMoO4 single crystal
were studied after UV irradiation. Anomalies of permittivity e and
conductivity r were detected and attributed to the dipole centers
induced by UV light. It was proposed that dipole centers were cre-
ated by photoelectrons trapped by Mo within oxygen tetrahedra dis-
torted by an oxygen vacancy VO. At high temperatures conductivity
was nearly insensitive to UV irradiation. Additional optical absorption
was observed in PbMoO4 single crystal after UV irradiation. It was
argued that transfer of photoelectrons from lead to molybdenum
groups was responsible for the photochromic effect found.
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1. Introduction

Lead molybdate (PbMoO4) is one of the most intensively studied representatives of the
scheelite crystal family. PbMoO4 crystals attract close attention of technologists,
researchers and engineers owing to their applications in various fields of technology
and, in particular, acousto-optics. Lead molybdate is characterized by wide spectral
range, high acousto-optical parameters, low acoustic and optical losses at low frequen-
cies and favorable mechanical impedance for acoustic matching [1]. Unique combin-
ation of properties provides broad prospects for the practical use of PbMoO4 in a
family of acousto-optical devices including diffraction modulators of light, acousto-
optical waveguides, acoustic wave sensors, scanning microscopes and others [2–4].
Another important area of lead molybdate application is the manufacture of solid-state
Raman lasers for systems of the Lidar type (laser radar), since this material acts both as
an active laser medium and as a Raman converter [5,6]. Lead molybdate (as well as
lead tungstate, PbWO4) crystals demonstrate the strongest effect of stimulated Raman
scattering among crystals with quasi-molecular anions. It provides high conversion
efficiency caused by interaction of laser active ion (Nd3þ, Yb3þ) with the vibration
modes of (MoO4)

2� anions [7]. In addition, lead molybdate is considered a promising
cryogenic scintillator for the experimental search of dark matter and neutrinoless double
b decay of 100Mo [8–10].
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Crystal structure of PbMoO4 has tetragonal symmetry (C4h
6 space group [11]) and is

formed by PbO8 eight-vertex polyhedra and slightly distorted MoO4 tetrahedra. Each
oxygen ion from surrounding of lead belongs to one of the adjacent MoO4 tetrahedra.
The point symmetry of Pb as well as Mo site is S4.
It is known that optical quality of PbMoO4 crystals is highly dependent on purity of

initial chemical reagents, crystal growth method and heat treatment conditions. As a
rule PbMoO4 single crystals are characterized by relatively low radiation hardness and
light yellow coloration. These shortcomings restrict more extensive commercial applica-
tion of PbMoO4 in acousto-optic and scintillator devices.
Usually it is assumed that as-grown PbMoO4 crystals have certain deficiency of Mo

and Pb due to high volatility of molybdenum and lead oxides. Cationic deficiency is
compensated by oxygen vacancies, that leads to disorder of Schottky type. The vacancies
of host ions can trap electrons or holes, which create the states within bandgap with the
width about �3.4 eV (see [12] and the references therein). Such centers change optical
properties, and, in particular, could be responsible for coloration of the crystals.
Comprehensive study of the structural point defects, such as ion vacancies, associated
complexes, color centers, etc, can help to understand the nature of the phenomena
causing low radiation hardness and coloration of PbMoO4 single crystals. As it was
shown earlier, doping and using non-stoichiometric charge for crystals growth make it
possible to control the content of the defects affecting optical characteristics of lead
molybdate [13,14]. The detailed information on the centers responsible for photoin-
duced phenomena in PbMoO4 is of particular interest.
Recently [15,16] the nature of the light induced defects in PbMoO4 was studied in

details by using EPR and thermally stimulated luminescence (TSL). Three centers Mo1,
Mo2 and Mo3 induced with light (k¼ 420 nm, T¼ 35 K) were found. These centers
represent electrons (e�) trapped at the (MoO4)

2� complexes with different surroundings
in nearest Pb sites. Nevertheless, all these centers were thermally stable only at low tem-
perature and were destroyed on heating in the interval from 40K to 120K. This tem-
perature range is too far away from an interval of desirable operating conditions for
devices using PbMoO4 as functional material. It is of interest to investigate the proper
and light induced centers that affect the physical properties of lead molybdate crystals
at moderate temperatures.
The purpose of the paper is to study electrical properties and optical absorption in

PbMoO4 single crystals irradiated with UV light. The observed photoinduced phenom-
ena are discussed on the basis of the previous investigations of proper defects and light
induced centers in PbMoO4 crystal [14–16].

2. Experimental results and discussion

The single crystals of lead molybdate were grown from the melt by the Czochralski
technique in air. The obtained crystals had a diameter up to 35mm and a length about
50� 60mm. They were free from macroscopic inclusions (gas bubbles, cracks) and had
a weak yellow color.
Permittivity e and conductivity r were measured in AC field on the samples prepared

as plane-parallel plates with dimensions 5� 5 � 1mm3. The main planes of the samples
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were cut parallel to (001) and coated with platinum electrodes. The measurements were
carried out by bridge method at fixed frequency (f¼ 1 kHz). Temperature of the samples
was varied in the interval 290–700K.
Isothermal annealing of the short-circuited samples at 700K for 10min was per-

formed before each measuring cycle. Such procedure was used in order to eliminate
dependence of electrical properties on the sample pre-history, similar to observed earlier
in double lead molybdate Pb2MoO5 [17]. After annealing the samples were cooled to
room temperature and irradiated through the side faces by using UV light of Hg ball
lamp (wavelength of the principal line was about 366 nm). Permittivity and conductivity
were measured on heating runs carried out with the rate 8 K/min.
The optical density spectra were measured at 295K on PbMoO4 double polished

plates using “Specord -UV-VIS” spectrophotometer. The thickness of the samples was
about 10–12mm. The polished planes were oriented perpendicular to the optical axis.
The photochromic coloration was observed after irradiation by light of Hg lamp during
5–30 h. Annealing of the samples was carried out at 700–950K in air for 20 h.

2.1. Photodielectric effect

Figures 1 and 2 show the temperature dependencies of e and r for PbMoO4 crystal irra-
diated at T¼ 290 K for different exposure times. It can be seen that irradiation leads to
appearance of e(T) and r(T) maximums near T�340 K. One should note that UV light
induced e and r anomalies could be detected on the first heating run only and disap-
peared for the subsequent temperature cycling. The permittivity peak magnitude Demax

corrected for the background is plotted in the inset to Fig. 1 as a function of exposure
time t. One can see that Demax increases for longer times t and higher irradiation dozes
respectively. The dependence Demax(t) was described in the assumption of exponential
saturation, the relaxation time was estimated as 200min.

Figure 1. Permittivity dependencies e(T) for PbMoO4 crystal irradiated with UV light at T¼ 290 K dur-
ing the following exposure times t: 1 – 0, 2 – 10, 3 – 30, 4 – 80min. Measuring field frequency was
f¼ 1 kHz. The inset shows permittivity peak magnitude Demax vs exposure time t.
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For the exposure times used, temperature dependences of conductivity r are plotted
in Fig. 2. The broad maximums of r(T), detected in the irradiated crystals, correspond
to dielectric anomalies in Fig. 1. As shown in the inset to Fig. 2, upon further heating
(T> 400 K) the dependences r(1/T) in Arrhenius scale are linearized and practically do
not depend on exposure time.
The character and magnitudes of e(T) and r(T) anomalies give evidence that UV

irradiation generates centers with electric dipole moment. Reorientations of the dipole
centers in AC external field give rise to e(T) peaks (Fig. 1). Displacement currents cause
maximums in r(T) dependences (Fig. 2). After annealing at 700K e and r peaks disap-
peared as a result of thermal destruction of dipole centers. The dipole centers can be
regenerated by following UV irradiation which performed at T¼ 290 K.
It should be noted that e(T) anomalies represent nearly symmetrical peaks (Fig. 1)

which significantly differ from typical Debye-type stepwise temperature behavior [18].
This difference can be explained by the thermal decay of the dipole centers. It becomes
noticeable in the same temperature range where e(T) anomalies were detected in the
experiment. In fact, the dipole centers concentration decreases on heating that leads to
more abrupt falling down of the high temperature wing of e anomalies (Fig. 1).
The experimental data available allow discuss nature of the dipole centers, induced

with UV light. Three types of the molybdenum complexes Mo1, 2, 3, found in PbMoO4

recently [15,16], were thermally destroyed in the range 40–120K. Hence, Mo1, 2, three
cannot be responsible for the UV light induced e and r anomalies (Figs. 1 and 2) which
were observed at much higher temperatures. Additional information can be taken from
earlier works where photoinduced centers in isomorphous lead tungstate PbWO4 crystal
were studied [19–21]. In fact, it was pointed out [15,16] that the light induced centers
in PbMoO4 and PbWO4 were similar in nature, since their EPR spectra were described
by very close spin – Hamiltonian parameters. One can hope, that the models of the
photoinduced centers in PbWO4 [19–21] can be applied to interpret the data
on PbMoO4.

Figure 2. Conductivity dependencies r(T) for PbMoO4 crystal irradiated with UV light during the
times indicated in the caption to Fig. 1. The inset shows Arrhenius plot of r vs (1/T) for T> 400 K.
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In particular, it was shown, that irradiation of PbMoO4 (k¼ 420 nm at T¼ 35 K
[15]) and PbWO4:Mo (k¼ 260–330 nm at T< 50 K [20]) generated photoelectrons
trapped by molybdenum ions in regular (PbMoO4) or irregular (PbWO4:Mo) sites:
e� þ (MoO4)

2� ! (MoO4)
3�. These polaron centers were shallow (the depth was about

Et ¼ 0.05 eV below the conduction band bottom) and thermally destroyed on heating
above 40–50K. (MoO4)

3� centers destruction resulted in disappearance of EPR spec-
trum and TSL glow. The released electrons partially recombined with holes and partially
were captured by other deeper traps. Among such traps there were centers thermally
stable up to 180–190K (Et ¼ 0.55 eV). It was supposed that these centers were formed
by oxygen vacancy VO and neighboring Pb ion capturing an electron: Pbþ – VO. The
deepest photoinduced centers (Et ¼ 0.9 eV) were stable up to room temperature and
even above. Very detailed analysis of the EPR spectra anisotropy gave evidence that
such centers could be associated with tungsten (molybdenum) – oxygen tetrahedron
distorted by vacancy VO and stabilized by the unknown defect in neighboring Pb site:
(W(Mo)O3)

� – APb [20].
Accounting the EPR and TSL data in [15,16,19–21], the dipole defects, induced with

UV light and giving rise to the maximums of e and r (Figs. 1 and 2) can be attributed
to photoelectrons captured by molybdenum atoms within tetrahedra distorted by oxy-
gen vacancy (MoO3)

�. An additional neighboring defect APb in lead sublattice stabil-
izes such complexes similarly to the situation in PbWO4. Distorted (MoO3)

�

tetrahedron acquires electric dipole moment produced by excess charges of photoelec-
tron captured by Mo and oxygen vacancy VO. Thermally activated VO hopping
through the vertices of (MoO3)

� complex is accompanied by reorientation of the
dipole moment. In AC external field such reorientations give rise to e and r anomalies
shown in Figs. 1 and 2.
Apparently, that reorientations of (MoO3)

� dipoles cause dielectric losses and con-
tribute to conductivity peaks observed around 340K (Fig. 2). One can see that for
T> 400 K behavior of r(1/T) becomes nearly independent on the time of UV irradi-
ation. Therefore excited by UV light electrons do not participate in charge transfer
because they are captured by other traps or recombined with holes.
It should be noted that there are other possible traps for photoelectrons. For instance,

Pbþ – VO centers which were found in PbWO4 [20]. Dipole moment of such centers
could be reoriented by hopping of captured electrons between structurally equivalent
lead sites. But in PbWO4 these Fþ centers were stable only below 180K. Consequently
in PbMoO4 existence of such Fþ centers above room temperature seems unlikely.

2.2. Photochromic effect

The optical density spectra of nominally pure lead molybdate single crystal before and
after UV irradiation are shown in Fig. 3. The crystal was irradiated and optical spectra
were measured at room temperature. One can see that after irradiation the optical
absorption increased significantly. This effect was reversible. Annealing in air at
700–950K for 20 h eliminated the absorption induced by UV irradiation. The inset to
Fig. 3 shows the additional optical density caused by irradiation. Two wide absorption
bands with maximums near 24,000 and 17,300 cm�1 can be distinguished.
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Photochromic effect in PbMoO4 single crystals most likely is caused by charge
exchange between cations by means of redox reactions. Earlier [14,22] a number of
experiments were performed in order to analyze the influence of dopants, deviations
from composition stoichiometry, irradiation by UV light and high-temperature anneal-
ing on the color centers in PbMoO4. Two absorption bands in spectrum of UV irradi-
ated PbMoO4 crystals (the inset to Fig. 3) can be associated with creation of Mo5þ

(17,300 cm�1) and Pb3þ (24,000 cm�1) in accordance with Ballmann model [23,24]. The
investigations of the optical absorption do not give enough information to resolve the
structure of such centers in details. However, the formation of Mo5þ as a result of vari-
ous processes in PbMoO4 was repeatedly observed by EPR [15,16,24,25]. Presence of
oxygen vacancies in the vertices of Mo-O tetrahedra favors electron capturing and for-
mation of Mo5þ centers [26].
Appearance of Pb3þ hole centers or participation of lead electronic states in the cre-

ation of the emission centers was proposed by some authors to interpret luminescence
in PbMoO4 caused by UV excitation [11,27,28]. It was suggested that photolumines-
cence was due to radiative transitions in (MoO4)

2� complexes and transfer of an elec-
tron from Pb2þ ions to adjacent molybdenum groups [11,28]. Van Loo offered
formation of a Pb3þ – Mo5þ glow centers created by UV irradiation [27]. The participa-
tion of lead ions in such centers was confirmed by experiments and calculations in [15],

Figure 3. Optical density spectra of PbMoO4 crystal: 1 – before UV exposure; 2 – after UV exposure.
The difference between 1 and two spectra consists of two absorption bands near 24,000 and
17,300 cm�1 (the inset). The thickness of the samples was about 10.2mm.
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which showed the significant (of about 40%) mixing of lead orbitals into the ground
state of the molybdenum complex.
It has to be noted that electrical activity may be expected for certain UV light

induced centers which participate in the photochromic processes. The question is
whether the same centers are electrically and optically active and contribute to the
anomalies of e and r (Figs. 1, 2) as well as optical density spectra (Fig. 3), or these cen-
ters are different in nature and generated by UV irradiation independently. If the vacan-
cies VO are involved into formation of UV light induced centers, heat treating PbMoO4

crystals in various atmospheres (oxygen, inert gases, vacuum) and at different tempera-
tures should give additional information on the nature of the photoinduced centers and
could help to answer the question above.

3. Conclusions

Electrical properties as well as optical absorption were studied in PbMoO4 single crystals
irradiated at T¼ 290 K with UV light. Appearance of e(T) and r(T) anomalies around
340K was found after UV irradiation. It was inferred that UV light irradiation gener-
ated the centers with electric dipole moments. Dipole centers were associated with pho-
toelectrons captured by Mo ions within oxygen tetrahedra distorted by VO. Thermally
activated VO hopping through the vertices of (MoO3)

� complexes was accompanied by
reorientation of the dipole moments and gave rise to the observed e and r anomalies.
After isothermal treating at 700K the dipole centers were decomposed and light
induced anomalies of e(T) and r(T) disappeared.
Besides that UV irradiation changed optical density spectra and caused photochromic

effect. Two wide absorption bands with peaks near 24,000 and 17,300 cm�1 appeared.
We associate this effect with photoinduced transfer of the electrons from lead to molyb-
denum complexes.
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