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Abstract— Electron paramagnetic resonance (EPR) signals of Bi2* ions have been detected in the EPR spec-
trum of manganese-, bismuth-, and tin-doped PbWO, single-crystals irradiated by xenon and mercury lamps
at 100 K. The parameters of the Zeeman, hyperfine, and superhyperfine interactions and the localization of

Bi2* ions have been determined.
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1. INTRODUCTION

Lead tungstate PbWO, (PWO) crystals have been
known as fast scintillators successfully implemented in
modern high-energy physics (see [1—4] and references
therein). These crystals were optimized for calorimet-
ric detectors by doping with trivalent ions [5, 6]. Great
progress in the enhancement of quantum yield was
achieved by double doping of PWO crystals with Mo
and La or Y and Nb ions [7—10]. This doping
enhances the quantum yield by a factor of 2—4 without
significant loss of other scintillation characteristics.

According to [11], internal luminescence and scin-
tillation in PbWO, are of excitonic nature and the
charge-transfer band in the (WO,)>~ complex leads to
emission in the blue part of the spectrum. Autolocal-
ized excitons decay already at 150 K [12]. Accordingly,
all shallow-trap levels in the PWO lattice at room tem-
perature participate in trapping and become very
important. They change the migration characteristics
of free charge carriers by secondary trapping, in which
all uncontrolled impurities and defects can have a sig-
nificant effect. Successful implementation of the crys-
tal in the above-mentioned applications requires
deeper insight into the mechanisms of luminescence
and, consequently, the knowledge of the structure of
defects and uncontrolled impurities, which induce the
specific features of charge carrier trapping in PboWO,.

One of the most direct methods of studying the
structure of impurity centers is electron paramagnetic
resonance [13]. The EPR technique provides determi-
nation of the spin and charge state of the impurity, the
local symmetry of the center, the structure of the near-
est environment, and the specificity of interaction

with the crystal lattice. The results of the magnetic res-
onance studies of Nd3**, Ce3*, Gd**, Mn?*, Fe’*,
Cr**, and other paramagnetic defects in PbWO, can be
found elsewhere [14—17].

This work is focused on studying the EPR of new
paramagnetic centers, Bi’* ions, discovered in PbWO,
for the first time.

2. EXPERIMENTAL TECHNIQUE

The measurements were carried out on a Bruker
EMX Plus X-band EPR spectrometer in the tempera-
ture range of 100—170 K. We used for measurements

the lead tungstate crystals (space group I4l/a(th )

studied in the previous works of one of us [18, 19]; in
addition to manganese, the crystals were weakly doped
with tin and bismuth during the growth.

The samples were irradiated by a 35-W xenon lamp
or an HPML-125 mercury lamp through a special
optical window in the microwave cavity of the spec-
trometer.

3. RESULTS AND DISCUSSION

In a wide temperature range (4—300 K), the crys-
tals under investigation feature the intense EPR spec-
trum of a Mn?* center thoroughly studied in the previ-
ous work of one of us [19]. This spectrum is due to the
manganese ions substituting Pb?* ions in the position
with the local symmetry S, surrounded by two embed-
ded oxygen tetrahedra, one of which is elongated and
the other is compressed along the tetrahedral axis. In
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Fig. 1. Fragment of the EPR spectrum of PbWO, : Mn at
110 K (/) before and (2) after irradiation. The intense sig-

nals seen in the center are due to a tetragonal Mn2" center.
Deviation of the magnetic field B from the orientation B ||
S, is less than 0.5°. The arrows indicate the positions of 10

hyperfine components of Bi%*.

addition to the tetrahedral Mn>* center, very weak sig-
nals are observed at 7'~ 100 K, which can be assigned
to transitions of triclinic centers of manganese and
iron.

The irradiation of the PbWO, : Mn samples by the
xenon or mercury lamp at a temperature of ~100 K
leads to the emergence of a new EPR spectrum shown
in Fig. 1. The spectrum is dominated by the contribu-
tion from the tetragonal Mn?* center, whose peak
intensity is more than three orders of magnitude
greater than that of the new spectrum. The observed
10-component spectrum is obviously due to the
hyperfine interaction of the paramagnetic center with
its own nuclear spin 9/2. The intensity of the new
spectrum increases for 10 min under irradiation. A
considerable decrease in the spectrum intensity occurs
under the sample heating up to 170 K. Other changes
in the spectrum under irradiation and an increase in
temperature were not observed.

Orientation behavior of the positions of the hyper-
fine components is shown in Fig. 2. Also shown are the
calculated angular dependences found from the axial
spin Hamiltonian (the electron spin S = 1/2, the
nuclear spin /=9/2,z|| S,)

Hsp = gHﬁBzSz +gJ_B(BxSx + BySy)
+ A S+ A (S 1+ S,1),

ey)

where g is the electron g factor; [ is the Bohr magne-
ton; B,, B, and B, are the magnetic field components;
A is the hyperfine constant; and S,, S,, S, I, I,, and I,
are the operators of the components of the electron
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Fig. 2. Dependences of the position of the transitions in

the EPR spectrum of Bi%* ata frequency of 9423 MHz on
the orientation in the ac plane at 110 K. Circles are the
experimental points, and solid lines are the calculated
angular dependences.

and nuclear spins. The parameters of the spin Hamil-
tonian found by fitting the experimental frequencies to
the calculated ones (minimizing the root-mean-
square deviation) at z || S, are as follows:

g = 1.740(2), |4| = 857(6) MHz

(or 35.2mT), )
g, = 1.923(2), |A,| = 382(4) MHz

(or 14.2 mT).

The root-mean-square deviation of 85 experimental
resonance frequencies is 15 MHz. We did not observe
the effect of the nuclear Zeeman and quadrupole
interactions on the orientation behavior of the spec-
trum.

Bi** ions (state 6s?) introduced into the crystal in
the eightfold environment have the ionic radius R; =
1.17 A and most probably substitute Pb?* ions (R, =
1.29 A). If the radiation-generated electrons are
trapped by the bismuth ions, there can appear Bi**
ions in the crystal. It should be mentioned that Mur-
phy et al. [20] studied monoclinic 2“Bi** centers
(ground state 6p', I = 9/2, natural abundance 100%)
in CdWO, crystals. Importantly, the parameters of the
spin Hamiltonian found in [20] (g, = 1.38, 4, =
31.5mT, g, = 1.543, A, = 35.0 mT, g, = 1.623, and
A.=28.8 mT; a, b, and c are the crystallographic axes
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Fig. 3. Superhyperfine structure of the low-field compo-
nent of the EPR spectrum of Bi’* ions in B || S4at 110 K:

(1) experiment and (2, 3) simulation taking into account
interaction with four equivalent lead and tungsten nuclei,
respectively.

of CdWO,) agree fairly well with parameters (2). The
presence of paramagnetic niobium and indium ions
with 7 = 9/2 and high abundance in PbWO, is quite
improbable. Owing to these facts, we conclude that the
spectrum merging under irradiation belongs to Bi**
ions in the position of Pb?*. Substitution of the W+
ion with R; = 0.42 A and the same symmetry S, is ulti-
mately improbable.

All hyperfine components of the spectrum of Bi**
have superhyperfine structure (Fig. 3) that weakly
depends on the nuclear spin projection. The formation
of this structure is due to the interaction with either
207Pb nuclei (I = 1/2, natural abundance 22.1%) from
the nearest lead tetrahedron (R = 4.055 A, the polar
angle of the magnetic field in the crystallographic ref-
erence frame 0 = 42.2°) or '3W nuclei (/ = 1/2, natu-
ral abundance 14.3%), forming a tungsten square with
0 =90° and R = 3.852 A. As is seen in Fig. 3, the sim-
ulation of the superhyperfine structure for B || S, tak-
ing into account the natural abundance of the isotopes
shows a much better agreement with the experiment
for superhyperfine interaction with the 2°’Pb nuclei
(an effective interaction parameter of ~0.68 mT).

The experimental superhyperfine structure of the
low-field hyperfine component of the spectrum of
Bi** at 0 = 42° and 90°, ¢ = 0° (¢ is the azimuthal
angle of the magnetic field in the crystallographic ref-
erence frame) is shown in Figs. 4 and 5 along with the
results of numerical simulation of this structure.
Assuming that the axis of the Bi2*—2"Pb bond forms
an angle of ~42° with S, and that the electron—nuclear
interaction is axial in the local reference frame (z,, is

parallel to the axis of the Bi**—*’Pb bond) and
neglecting the anisotropy of the g factor [21] we find

PHYSICS OF THE SOLID STATE VWl. 55 No. 4

805

| |
280.5 282.0

B, mT

Fig. 4. (/) Experimental and (2) simulated superhyperfine
structures of the low-field component of the EPR spec-

trum of Bi®" ions in B L S, at 110 K.

the following parameters of the superhyperfine inter-
action:

la| = 0.93(7) mT, |ay| = 0.35(5) mT. (3)

Naturally, it was assumed in the simulation of the
spectrum that four lead nuclei are equivalent at B || S,
(0,0c = 42°), there two pairs of equivalent nuclei at 6 =
90° (B4 = 48° and =90°) and at 6 = 42°, 0,,. = 0° for
one nucleus, 0,,. = 84° for the second nucleus, and 6,
~ 123° for two other nuclei. We used the line shape,
which is intermediate between the Gaussian and
Lorentzian with a width of 0.20—0.25 mT.

| |
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Fig. 5. (/) Experimental and (2) simulated superhyperfine
structures of the low-field component of the EPR spec-

trum of Bi2* ions in the magnetic field oriented along the
bond (0 =42°, ¢ =0) at 110 K.
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4. CONCLUSIONS

Irradiation of manganese-, bismuth-, and tin-
doped PbWO, single crystals by a 35-W xenon lamp
and an HPML-125 mercury lamp at a temperature of
less than 170 K leads to the appearance of a new para-
magnetic center. Based on the experimental data on
the Zeeman, hyperfine, and superhyperfine interac-
tions of the emerging center, it can be stated unambig-
uously that it is due to Bi** ions. The bismuth ions sub-
stituting Pb?>* ions in the PbWO, lattice interact con-
siderably with the nearest lead ions.
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