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1. INTRODUCTION 

Single crystals of lead tungstate PbWO4 (PWO)
with a high density (8.27 g/cm3) are known as fast
scintillator materials, which have successfully been
used in modern high�energy physics experiments (see
[1–4] and references therein). By doping with triva�
lent ions, these crystals were optimized for ALICE
and PANDA calorimetric detectors [5, 6]. About ten
years ago, research had been focused on an increase in
the quantum yield [7, 8] and on the development of
various doping schemes and annealing procedures
[9–12]. Progress in increasing the quantum yield was
achieved by means of the double doping of PWO crys�
tals with Mo and La ions, as well as with Y and Nb
ions [7, 8, 13, 14]. This doping increases the quantum
yield by a factor of 2–4 without a significant deterio�
ration of other scintillation characteristics. More
recently, considerable interest has arisen in the so�
called dual readout approach for future generations of
electromagnetic calorimeters [15], in which scintilla�
tions and Cherenkov radiation are controlled simul�
taneously. In this aspect, PbWO4 crystals were investi�
gated in [16, 17]. 

Another application of PWO is associated with the
use of scintillator materials at very low temperatures
(mK) [18, 19]. In PbWO4, intrinsic luminescence and
scintillations have an excitonic nature, and the charge
transfer band in complex oxyanions (WO4)

2– leads to
the emission in the blue spectral region [20]. Self�
trapped excitons are destroyed even at a temperature
of ~150 K [21]. Therefore, at room temperature, any
levels of shallow traps in the PWO lattice are involved
in the capture processes and become very important.

They change the characteristics of the migration of
free charge carriers by means of the recapture in
which any uncontrollable impurities or defects can be
of considerable importance. Laguta et al. [22–25]
described and explained in detail the electron cascade
in PWO. Finally, hole traps of several configurations
in doubly doped PWO : Mo,La crystals have recently
been discovered in [26]. The successful use of PbWO4

crystals in the aforementioned applications requires a
deeper understanding of the luminescence mecha�
nisms and, therefore, knowledge of the structure of
defects and uncontrollable impurities generating fea�
tures of the charge carrier capture in the PbWO4

structure. 

Electron paramagnetic resonance (EPR) is one of
the most direct methods used for studying the struc�
ture of impurity centers in quantum electronics [27].
The EPR method makes it possible to determine the
spin, charge state of an impurity, local symmetry of a
center, structure of the nearest environment, and spe�
cific features of the interaction with the crystal lattice.
Information on papers containing results of magnetic
resonance investigations of impurity centers, such as
Nd3+, Ce3+, Gd3+, Mn2+, Fe3+, Cr3+, and other para�
magnetic defects in PbWO4, can be found in [25,
28⎯30]. 

A detailed study using the method of paramagnetic
resonance of a tetragonal center of the Mn2+ ion (elec�
tron spin S = 5/2, nuclear spin I = 5/2) located in the
position of the Pb2+ ion in lead tungstate at tempera�
tures in the range from 1.5 to 290.0 K was carried out
in [31, 32]. 
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This paper is devoted to the magnetic resonance
investigation of other paramagnetic defects realized in
PbWO4 : Mn. 

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE 

The measurements were carried out on electron
paramagnetic resonance spectrometers Bruker EMX
Plus and JEOL operating in the X�band at tempera�
tures in the range from 4 to 300 K in magnetic fields up
to 1.45 T with the use of lead tungstate crystals inves�
tigated in [31, 32], according to which the crystals
were doped with tin and bismuth in addition to man�
ganese. 

It is known that the tungsten ion in the PbWO4

crystal is located in a slightly distorted oxygen tetrahe�
dron and that the environment of the lead ion consists
of two nested oxygen tetrahedra, one of which is elon�
gated and the other one is compressed along the tet�
ragonal axis. The space group of the crystal at temper�

atures of 300 K and 1.4 K is I41/a ( ), and the local

symmetry of the Pb2+ and W6+ positions is S4 [33, 34].
In this respect, the assertion made by the authors of
[23, 30] that the position of the ion tungsten has the
symmetry group D2d is obviously erroneous. Taking
into account the results reported in [31, 32], the state�
ment made in [30] that the parameters of the spin
Hamiltonian of Mn2+ centers do not depend on the
temperature seems to be strange. 

C4h
6

3. RESULTS AND DISCUSSION 

3.1. In addition to the intense spectra of Mn2+ tet�
ragonal centers [31, 32] in the studied samples of
PbWO4, we revealed very weak spectra of at least three
centers (α, β, χ) shown in a fragment of the EPR spec�
trum (Fig. 1a) measured for the magnetic field orien�
tation B || c || S4 (B is the magnetic induction) at a tem�
perature of 100 K and a frequency of 9423 MHz. 

The sextet of the α center (Fig. 1a) is also observed
at room temperature. A characteristic feature of this
spectrum is the splitting of all signals upon deviation
from the orientation B || S4 into four components
(Fig. 2). It is in this range of magnetic fields that there
should exist four forbidden (ΔM = ±2, where M is the
projection of the electron spin) transitions of the Mn2+

tetragonal center, which naturally have a hyperfine
structure. 

In order to answer the question as to whether the
signals of the sextet are due to the aforementioned for�
bidden transitions, we calculated their spectra with the
parameters of the spin Hamiltonian [32]. The calcula�
tions demonstrated that the forbidden transitions do
not lead to the formation of a regular sextet (Fig. 1b),
and their signals do not split into four components of
comparable intensity upon deviation from the orienta�
tion B || S4. These transitions are responsible for still
weaker signals observed within and below the sextet of
the α center in Figs. 1 and 2. 

The fact of the merger of four EPR spectra for the

tetragonal crystal I41/a ( ) in the orientation of the
magnetic field B || S4 clearly indicates that these cen�
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Fig. 1. (a) EPR spectrum (derivative of the absorption sig�
nals) of PbWO4 : Mn for the orientation B || S4 at 100 K.
Intense signals in the range of magnetic fields 284–386 mT
belong to transitions (|ΔM| = 1) of the Mn2+ tetragonal
center located in the Pb2+ position [31, 32]. (b) Calculated
spectrum of transitions of the Mn2+ tetragonal center. 
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Fig. 2. Splitting of the spectrum of the α center upon devi�
ation from the orientation B || S4 in different planes at T =
100 K: (a) spectrum at B || S4; (b) spectrum at θ = 6°, ϕ =
40°; and (c) spectrum at θ = 5.5°, ϕ = 0°. Dashed arrows
show the splitting for one of the hyperfine components as
an example. Solid arrows indicate signals not related to the
α center. The axes of the spherical coordinate system coin�
cide with the crystallographic axes. 
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ters has the C1 symmetry. This type of centers in the
crystal can arise as a result of the compensation for an
excess charge of the paramagnetic ion by a charged
defect located in a closely spaced position. The multi�
plicity of such centers in crystals with the scheelite
structure is 8; however, because four of them are
related to the four others by the inversion operation,
the magnetic multiplicity is 4. 

Other transitions of the α center for the orientation
B || S4 over the entire range of magnetic fields were not
found. Therefore, in order to determine the charge
state of the manganese ion, which is responsible for
the sextet of the α center, we considered its hyperfine
splitting. The measured average splitting (253 MHz)
counts in favor of the fact that it belongs to the Mn4+

center (S = 3/2); a similar value for the Mn2+ center in
PbWO4 is 267 MHz [32]. In this case, there are two
variants of the model of the α center: (1) the Mn4+ ion
substitutes for the Pb2+ ion, and the charge is compen�
sated by means of the formation of a vacancy of the
lead ion VPb (R = 4.055 Å, θ = 42°, and ϕ = 0° are the
coordinates of the Pb2+ ion from the nearest lead tet�
rahedron in the abc crystallographic system centered
on the impurity ion); and (2) the Mn4+ ion located in
the W6+ position is associated with the vacancy of the
oxygen ion VO (R = 1.775 Å, θ = 56.15°, and ϕ = 31°
are the coordinates of the O2– ion involved in the near�
est oxygen tetrahedron). In both cases, there arise four
triclinic centers, which transform into each other
upon rotation around S4 through angles p · 90° (p is an
integer). 

The vacancies of lead and oxygen ions, which are
located in the aforementioned positions, induce a
strong electric field at the paramagnetic ion. There�
fore, these centers can be approximately considered to
be axial with the principal magnetic axis directed
along the bond of the dimer cluster. Then, upon rota�
tion of the magnetic field in the plane containing S4

and the dimer axis, we should expect the splitting of all
signals of the sextet into three components, and the
central component should be double. As can be seen
from Fig. 2, this character of the splitting of the com�
ponents in the spectrum for the α center takes place
upon rotation of the magnetic field in the plane with
ϕ = 40° rather than in the plane with ϕ = 0°, where the
splitting occurs practically into two double compo�
nents. The observed splitting of the central component
in Fig. 2 at ϕ = 40° can be due to both the approximate
assumption of the axiality of the centers and the mis�
match between the studied plane and the plane con�
taining S4 and the dimer axis. 

Although manganese quasi�sextets are observed in
some arbitrary orientations of the magnetic field above
the group of signals due to the Mn2+ tetragonal center,
we could not measure extended angular dependences
of other transitions of the α center, which allow their
identification. The measurements are difficult to per�

form because of both the low intensity of the signals
and the appearance of forbidden hyperfine transitions
resulting in a distortion of the canonical manganese
sextets. Furthermore, in arbitrary orientations of the
magnetic field, we observed groups of signals with
close intensities at intervals approximately two times
shorter than those in the spectrum of individual man�
ganese ions. Most probably, these signals belong to
pairs of closely spaced tetragonal centers Mn2+. 

Thus, at present, we can only argue that the α cen�
ter, most likely, is formed by the Mn4+ ion, which sub�
stitutes for the W6+ ion and has an oxygen vacancy in
the nearest environment. 

3.2. In contrast to the α center, the spectrum of the
χ center in PbWO4 consists of two incomplete sextets
(indicated by arrows in Fig. 1a), whose components
exhibit extrema of the resonance positions for the ori�
entation B || S4 and, therefore, belong to the tetragonal
center. The EPR signals in the spectrum of the χ cen�
ter can be observed outside the spectrum of the intense
Mn2+ tetragonal center in only a small (±9°) neighbor�
hood of B || S4. The value of the hyperfine splitting of
these sextets indicates that they belong to the Mn4+

center, which is described by the spin Hamiltonian
(S = 3/2, I = 5/2) in the following form [27]: 

(1)

where g is the g�tensor; β is the Bohr magneton; S and
I are the electron and nuclear spin operators, respec�
tively; bnm are the fine structure parameters; Onm are
the Stevens spin operators; and A is the hyperfine cou�
pling tensor. 

The optimization of the parameters taking into
account the orientation behavior of the components of
the sextets assigned to the electronic transitions
±1/2  ±3/2 led to the values g = 1.983(2), b20 =
⎯815(5) MHz, and A = –253(3) MHz (the root�
mean�square deviation is 10 MHz) for the orientation
z || S4 at T = 100 K. It can be seen that the parameters
g and A have characteristic values for the Mn4+ centers
[27]. With an increase in the temperature, the absolute
value of b20 increases (|db20/dT | ≈ 2 MHz/K). 

The presence of the δ signal at the minimum reso�
nance position in the spectrum (Fig. 1a) for the orien�
tation B || S4 initiates the following assumption: the δ
signal is assigned to the low�field hyperfine compo�
nent of the transition ±1/2  ±3/2 of the center with
spin S = 5/2, and the sextets of the χ center are attrib�
uted to the transitions ±3/2  ±5/2. The description
of the spectrum of the χ center under this assumption
by the spin Hamiltonian, which, in addition to Hamil�
tonian (1), includes the fourth�rank terms, 

(2)
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1
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gives the following parameters: g = 1.981, b20 =
⎯400 MHz, b40 = –8 MHz, |b44| ≥ 5500 MHz, and A =
–255 MHz. And, in this case, also, the parameters g
and A have characteristic values for the Mn4+ centers.

Consequently, the χ center should be considered as a
tetragonal center with spin 3/2; i.e., it is the Mn4+ ion. 

The zero�field splitting parameter of the χ center
(with S = 3/2) is 5.7 times greater than that of the
ground�state tetragonal center Mn2+ [31, 32]. The
closeness of this value to the ratio of the parameters
b20(Mn4+)/b20(Mn2+) ≈ 9 in Al2O3 [27] and
b20(Mn4+)/b20(Mn2+) ≈ 5.3 in LaGaO3 [35, 36] for the
manganese centers located in the same position of the
crystal is a strong argument in favor of the location of
the discussed center Mn4+ in the Pb2+ position with a
nonlocal compensation of an excess positive charge. 

3.3. EPR signals of the β type (Fig. 1a), which at
liquid�helium temperature exhibit approximately the
same superhyperfine structure (Fig. 3), should be
assigned to transition of the same paramagnetic cen�
ter. A characteristic feature of this spectrum is the dis�
appearance of the signals at T > 130 K and their split�
ting upon deviation from the orientation B || S4 into
four components. Most likely, the discussed paramag�
netic center with the C1 symmetry, as well as the α cen�
ter, is associated with a local compensation of the
excess charge of the impurity. The angular depen�
dences of the resonance positions of transitions of the
β center in two crystallographic planes (ca and ab) are
shown in Figs. 4 and 5. In both figures, intense signals
of the Mn2+ ions cover the magnetic field range from
300 to 380 mT. Each signal of the azimuthal dependence
(Fig. 5) is a superposition of two transitions, and their
splitting at ϕ > 120° is caused by a small deviation of the
magnetic field from the ab plane. It should be noted that
these dependences are observed in magnetic fields close
to the position of the only signal from the Fe3+ ion
detected by the authors of [37] in scheelite CaWO4 with
the factor geff ≈ 4.3 for the orientation B || S4. In addi�

(a) (b)

96 98
B, mT 2 mT

Fig. 3. Superhyperfine structure of the low�field compo�
nent in the spectrum of the β center for the parameters T =
28 K, θ ≈ 75°, and ϕ = 0°: (a) experiment and (b) simula�
tion. 
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Fig. 4. Orientation behavior of the positions of the EPR
signals from the β center in the ca plane. Symbols I and II
represent the experimental results obtained in different
cycles of measurements. Curves correspond to the results
of the calculations with the parameters given in the table
(variant 1). (1–2), (3–4) Energy levels between which
there occur transitions of four triclinic centers equivalent
to each other for the orientation B || S4. The numbering of
levels is given in order of increasing energy. 
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Fig. 5. Angular dependences of the resonance positions of
the transitions of the β center in the ab plane. Points are
the experimental data, and curves represent the results of
the calculations. (1–2), (3–4) The same as in Fig. 4. 
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tion, the character of the angular dependences pre�
sented in Figs. 4 and 5 is qualitatively consistent with
the behavior of components of the signal from the Fe3+

ion in CaWO4, which is slightly (~0.7 mT) split in an
arbitrary orientation of the magnetic field into four
components. 

The nature of the paramagnetic center of iron in
calcium tungstate and the features of the EPR spec�
trum of this center were discussed, in particular, in
[37–41]. The authors of [38] showed that the observed
nearly isotropic EPR signal can be explained by a tran�
sition in the middle (numbers of energy levels 3–4)
doublet of the Fe3+ center under the condition of the
approximate equality of the spin Hamiltonian param�
eters b20 ≡ D and b22 ≡ 3E when b20 > gβB. In this case,
the transition in the lower (1–2) doublet (b20 > 0) is
forbidden, whereas the transition in the upper (5–6)
doublet is predicted in very large fields. In order to
improve the quality of the description of the spectrum,
the authors of [38, 39] took into account the fourth�
rank zero�field splitting parameters, and the authors
[40] considered terms of the Zeeman interaction of
the S 3B and S 5B types. In [39], among other variants,
the authors discussed the possibility of substituting the
Fe3+ ion for the calcium position with the compensa�
tion of the excess charge by the Ca2+ vacancy. The
understanding of the nature of the nearly isotropic
spectrum of the Fe3+ ion is important due to the exist�
ence of an EPR signal with geff ≈ 4.3 in disordered
(including biological) media [41]. It should be noted
that, in PbWO4 : Fe3+, the authors of [42] revealed a
center with S = 5/2 and described its by the rhombic
spin Hamiltonian. It is unclear why such a low�sym�
metry center is not manifolded by the symmetry oper�
ation (S4) of the crystal. 

The spectrum of the β center observed in PbWO4

was described by the triclinic spin Hamiltonian (S =
5/2), which, in addition to Hamiltonian (1), contains
the off�diagonal operators of the fine structure with

the assumption of the isotropic factor g = 2. The
results obtained are presented in the table (variant 1)
and in Figs. 4 and 5. As can be seen, the angular
dependences of the resonance positions in two planes
with a good accuracy are described by only the sec�
ond�rank parameters; in this case, we have b20/gβB ≈
2.3 (gβB = ν, where ν is the used microwave fre�
quency). The addition of fourth�rank terms of type (2)
to the Hamiltonian insignificantly decreases the root�
mean�square deviation. 

The lack of information about the value of the
zero�field splittings (i.e., about the position of inter�
doublet transitions) in the experimental data leads to
an ambiguity of the parameters of the β center. For
example, variant 2 of the zero�field splitting parame�
ters (see table), which was obtained by the computer
optimization and starts with the values b2m increased
by a factor of 1.5 as compared to the parameters of
variant 1, with a comparable accuracy describes the
observed spectrum. This procedure makes it possible
to obtain a number of sets of parameters that satisfy the
experiment. The description of the spectrum is signif�
icantly (by more than 20%) deteriorated for sets of
parameters with 3.5 < b20/gβB < 1.8. The approximate
equality of the parameters b20 and b22 in all sets ensures
the existence of a nearly isotropic transition in the
middle (3–4) doublet [38]. The parameters b21, c21,
and c22 determine a character of the orientation
behavior of its components and increase the probabil�
ity of the transition in the lower (1–2) doublet. 

Because the spectrum of the β center disappears
with an increase in the temperature and the descrip�
tion of its angular dependences is possible only taking
into account the second�rank parameters, and
because of the lack of reliable evidence that the spec�
trum of the Fe3+ ion (or the center with S = 5/2) is
detected, an attempt was made to explain it in terms of
the spin Hamiltonian with S = 3/2. The best root�
mean�square deviation obtained under this assump�
tion with variations in all the tensor components b2m,
as well as in three components of the g�tensor, was
found to be larger than 350 MHz. Therefore, this vari�
ant cannot be considered to be possible. 

When the z axis of the used coordinate system is
rotated in the direction with the coordinates θ = 32.8°
and ϕ = –9.2°, the second�rank zero�field splitting
tensor (variant 1) of the β center becomes almost diag�
onal (see table), and the parameter b20 has a maxi�
mum. The direction thus determined (the magnetic
axis of the center), most likely, is associated with a
charged defect located near it. Possible models of the
localization and compensation of Fe3+ centers in
PbWO4 coincide with the model proposed in item 3.1
for Mn4+ dimer clusters. As can be seen, the orienta�
tion of the magnetic axis of the center is in better
agreement with the coordinates of the Pb2+ vacancy
(θ = 42°, ϕ = 0°) in the nearest environment of the

Parameters of the triclinic spin Hamiltonian (S = 5/2) of
the β center (z || S4, x || a, y || b, T = 100 K): the root�mean�
square deviation F, bnm and cnm (in MHz), and n is the num�
ber of experimental resonance positions taken into account
in the procedure of computer optimization of the parameters

Parameter Variant 1 Variant 2 θ = 32.8°,
ϕ = –9.2°

b20 21950 31830 37070

b21 93560 135540 –0.05

b22 20400 29500 8650

c21 –7180 –10890 –0.19

c22 –13510 –19560 –7430

n 309 309

F 54 65
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lead ion with respect to the Pb2+ position as compared
to the direction from the W6+ position to the oxygen
vacancy (θ = 56.15°, ϕ = 31°). Therefore, the Fe3+ ion
in PbWO4 substitutes for the Pb2+ ion with a local
compensation of the charge by the nearest neighbor
lead vacancy. 

In this variant of the localization and charge com�
pensation of Fe3+ ions in PbWO4, we should expect a
noticeable distortion of the environment, including
the environment of lead, and the interaction with its
nuclei, most likely, is responsible for the structure
shown in Fig. 3a. As a result, the electron–nucleus
interactions with the three remaining 20Pb will be dif�
ferent. This is also evidenced by good agreement
between the experimental and simulated structures
(Fig. 3b) under the assumption of the interaction with
three nonequivalent nuclei of Pb2+ with the interac�
tion parameters A1 = 1.6 mT, A2 = 1.1 mT, and A3 =
0.4 mT. 

4. CONCLUSIONS 

Thus, the doping of lead tungstate with manganese
results predominantly to the substitution of Mn2+ ions
for lead positions. A smaller (by more than three
orders of magnitude) part of the impurity in the crystal
exists in the form of quadruply charged manganese.
The Mn4+ ions occupy positions of both the Pb2+ ions
with a nonlocal charge compensation and the W6+

ions, thus creating a vacancy of the nearest neighbor
oxygen. The weak EPR signals observed for the orien�
tation B || S4 in magnetic fields of 137 and 243 mT
should be attributed to transitions of the Fe3+ ion con�
tained in the samples as an uncontrollable impurity,
located in the Pb2+ position, and associated with a lead
vacancy. 
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