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Abstract

Crystal field parameters of Cr’* doped PbWO, single crystal are obtained using superposition model. The zero
field splitting parameter D is then estimated with the help of microscopic spin Hamiltonian theory. The
theoretical zero field splitting parameter for Cr** in PbWO, single crystal at tetragonal symmetry site is in good
match with the experimental value. The local distortion is taken into account to find the crystal field
parameters.
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I. Introduction

Electron paramagnetic resonance (EPR) gives information about the site location, local site symmetry,
ground-state energy levels and zero field splitting (ZFS) parameters of transition ions doped in crystals [1, 2]. It
also identifies the defects responsible for the charge compensation in the system. Cr** is one of the most studied
transition metal ions with 3d* electronic configurations and *A, ground state [3].

Because of the combined effect of crystal field and the spin-orbit coupling, the principal mechanism for

the zero field splitting of the ground state of 3d® ions is the spin-orbit interaction from an admixture of higher
energy levels [4]. The superposition model (SPM) is quite helpful in finding the crystal field parameters and
spin Hamiltonian parameters for various 3d" ions [5, 6].
Lead-tungstate (PbWO,) single crystals have become of increasing interest in recent years as promising
scintillation crystals for electromagnetic calorimeters in high-energy physics because of their physicochemical
properties, like high density, nonhygroscopicity, low radiation length, small Moliere radius, high efficiency for
detecting ionizing radiations, fast response, sufficient radiation hardness, and low production cost [7-11]. It is
the first choice for detector material in the large hadron collider (LHC) at CERN [12, 13]. PbWO, can also be
used in positron emission tomography (PET) for medical diagnosis [14].

PbWO, has been doped with a wide variety of impurity ions in an effort to alter its scientillation
properties. Heavy doping with trivalent ions, such as Gd** (or La*"), reduces the scintillation light intensity to a
level lower than the Cherenkov light intensity [15]. The green emission of PbWO, is closely related to structural
defects [16]. Some luminescences are related to oxygen vacancies [17] and F-centers [9]. EPR can help in
understanding the real lattice structure of PbWO, and the importance of different lattice defects for scintillation
processes in the material [18].

The EPR spectra of Cr* ions in PbWO, single crystals were analyzed using an effective spin
Hamiltonian [19]. The observed experimental resonance spectra were used to calculate the second-order zero-
field splitting (ZFS) tensor and the spectroscopic splitting tensor g. The local site symmetry surrounding the
Cr3+ ion was determined to be tetragonal based on the rotation patterns (at 10 K) and the ZFS parameters of the
Cr**ion. For the Cr* ion, the ground state energy levels were computed. Instead of replacing the W' ions in
oxygen tetrahedra, it was discovered that the Cr** ions in PbWO, crystal replaced the Pb* ions in oxygen
octahedra without nearby charge compensation. The absorption spectrum of PbWO,: Cr¥crystals is also
measured [20]. The crystal-field theory has been used to calculate and assign the spectrum of the d—d transitions
of Cr’* ions in PbWO, crystals with tetragonal symmetry. With T,symmetry, the Cr**ion's ground state is *T,(‘F).
The Cr’* ion in PbWO, has tetragonal local symmetry. A tetragonal crystal field splits *T,(‘F) into ‘A(“T},’F) and
‘E(*T,,"F) states in S, symmetry.

In this work, crystal field parameters derived from the superposition model and perturbation equation
are used to estimate the ZFS parameter D for the Cr’* ion in PbWO,. The ZFS parameter D thus evaluated
matches well with the experimental value. In addition, CF energy bands are also calculated and compared with
the experimental ones.
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II. Crystal Structure
Lead-tungstate, PbWO,, crystals (occur in nature as tetragonal stolzite) crystallized with a scheelite type
structure, space group I4,/a [19, 21] with lattice parameters a = 0.5455 nm and ¢ = 1.2027 nm at room
temperature. The unit cell of the PbWO, crystal contains four molecules. Eight oxygen atoms, which are part of
WO, tetrahedra, encircle each Pb ion. One W and four O atoms form a tetrahedron with aD,, symmetry in a
scheelite-type structure. The crystal structure of PbWO, is depicted in Fig. 1.
The crystallographic axis system CAS (a, b, ¢) is taken as shown in Fig. 1. A common axis system (a|[x, b||y,
c||z) is taken to simplify the calculations.

Fig. 1. (A) O, (B) W, and (C) Pb make up the crystal structure of the tetragonal lead tungstate, PboWO,.

III. Theoretical aspect
The ZFS parameter of Cr** ion is obtained using the microscopic spin Hamiltonian (MSH) theory [22]. Taking
the ZFS and Zeeman terms, the effective spin Hamiltonian for Cr’* ions at axial symmetry is given by [5].

1
D{Sﬁ —ES(S+1)}+uBg B,S,tuzg, (B,S. +B,S)) "

where g, and g. are the spectroscopic splitting factors, pzis the Bohr magnetron, S is the electronic spin, B is the
external magnetic field and D is the second rank axial ZFS parameter.
For a doped crystal, the crystal field is given as
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where B,, are the crystal-field parameters in Wybourne notation and Cq are the Wybourne spherical tensor
operators.
In PbWO, single crystal, the local symmetry around Cr* ions is tetragonal. In tetragonal symmetry, the ZFS
parameter D is given by [5]

oo el ECFL AL B) 5)- e En(*FL4 4l B) 5) | )
where *F' ground term of 3d° (Cr*) ions in tetrahedral symmetry splits into *4, *T, and *T states, ‘4 being the
ground state, and not split in axial field, but its irreducible representation changed into *B. Due to the combined
action of the axial field and magnetic interactions, *B will split further, and this is expressed by group theory as:
B-D®?— B-(E°©E’’)— E’© E’’; the value of splitting is 2D, where D is ZFS parameter of ground state.
Diagonalization of full Hamiltonian matrices yields the energy levels and eigen- vectors in terms of B,,, B, C

anda ; where By, are defined above, B and C are Racah parameters giving electron-electron repulsion and S is
the spin-orbit coupling parameter. In terms of average covalency parameter N, the Racah parameters [23-25]
and spin-orbit coupling parameter can be written as
B =N'B,, C=N*‘C,, E=N% 4
where B, and C, are Racah parameters for free ion and &, is free ion spin orbit coupling parameter. For Cr** ion
=920 cm”, C,=3330 cm™, =240 cm™ are taken [20, 24, 25].

Taking the values of Racah parameters (B =814 cm™, C = 2948 cm™) found from optical study of Cr’** doped
PbWO,crystal [20, 26], the average covalency parameter N = 0.9699 is obtained employing

\/:+ / /2
(5

IV. Results and discussion

The SPM vyields the crystal field parameters [27, 28] as

Z A_k(RJ' K, (0;,9,) = qu

where qu (Oj > (pj) is an explicit function of the angular position of the ligand called the co-ordination factor .

AK (RJ ) , the intrinsic parameter is given by
ty

N R -
AR 2| =4, R)
i v (D)

where ~ 7 is the distance of the ligand from the d" ion, t, gives the power law exponent, Ak (RO ) is the intrinsic
parameter of the reference crystal and R, is the reference distance. Using superposition model the relation
between the local structure parameters and crystal field parameters are written as [5]

I t
- R - R
By =-2ds| —0 | —44,|—0
R, + AR, R,, +AR,

...... (8)
(R Y o R )
B, =16A{—° ) +12A{—° J
R, + AR, Ry +AR, ) . (9)
14
B, = 2\/_A4( J
Ry, +AR ....... (10)

Here, the reference distance R, is taken as 0.255 nm, which is slightly larger than the sum of ionic radii of Cr**
ion (0.0615 nm) and O* ion (0.138 nm) [25]. Due to the incorporation of the impurity ion in the crystal, the
local environment of the paramagnetic ion may be different to that of the host ion and the bond lengths will
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change. The bond lengths may be expressed in terms of the distortion parameters AR, and AR, | je.
R =R, +AR, R, =R,,+AR, A,

represented as [29]

El

k and t, are defined above. For tetrahedral coordination A4 is

=16 ... (11)
Usig optical study_[ZO, 26], Dg =966 cm'and so the value of 4, (RO )= 1630.13 cm™. It is n_oted that the ratio
AR ALR,) A,
of and lies between 8 to 12, [24, 30, 31]. In the current investigation, A4 =10, this gives

4, = 163013 cm. The crystal field parameters qu of Cr ion in PbWO, are calculated by taking the

parameters A, and Ay as well as arrangement of chlorine atoms around Cr** ion having matched experimental
ZFS parameter. For Cr** ion in PbWO,, the parameters t,= 4 and t,= 6 have been used. When Cr** ion substitutes
the Pb* ion, the position of transition ion Cr** and spherical coordinates of ligands are shown in Table 1. The
ZFS parameter D of Cr** ion in PbWO, crystal is calculated from the expression (3) [5]. The distortion

parameters used are: AR, = 0.336233 nm and AR, = 0.120000 nm with Ry, =0.6202 nm and Ry = 0.6476 nm
for center I. The distance R, is the average of the Cr’*-O* (1) and Cr**-O* (3) bond lengths and Ry, is the
average of the Cr*"-O*(2) and Cr** -O* (4) bond lengths.

Table 1. Fractional position of Cr*" ion along with spherical co-ordinates (R, 0, ¢) of ligands in PbWO, single

crystal.
Position of Cr** (Fractional) Ligands Spherical co-ordinates of ligands
R(nm) 0 ¢
X y z (degree)
A

Site : Substitutional O1 0.2388 0.1141 0.0429 0.7159 167.91 -29.64
Pb (0, 0.25, 0.625) 02 -0.2388 -0.1141 0.0429 0.7393 161.25 56.74

O3 0.2388 0.6141 0.2071 0.5559 154.70 56.74

04 -0.2388 0.3859 0.2071 0.5245 163.39 -29.64

The calculated crystal field parameters and ZFS parameter along with reference distance with distortion are
presented in Table 2. The above parameters without distortion with the same reference distance are also given in
Table 2. The ZFS parameter calculated using crystal field parameters from superposition model for center I
without distortion is smaller than the experimental value [19]. The

Table 2. Crystal field (CF) parameters and zero field splitting (ZFS) parameter D
of Cr*" doped PbWO, single crystal with and without distortion.

Zero-field splitting

Crystal- field parameters (cm™) parameter (10“cm™)
AR, (nm) AR, (nm) Ry(nm) B, B, B D]
I 0336233 0.120000 0.255 -17636.5 13421.82 -347.717 862.8
0.000000  0.000000 0.255 2499.158 -198.898 -101.674 1.8
Exptl. [19] 862.8
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ZFS parameter calculated employing crystal field parameters from superposition model for center I with
distortion is in good agreement with the experimental value [19] as can be seen from Table 2. With the help of
B, parameters and CFA program [32-33], the optical spectra of Cr** doped PbWO, crystal are calculated. The
energy levels of the impurity ion are computed by diagonalizing the complete Hamiltonian which consists of the
Coulomb interaction (in terms of B and C parameters), Trees correction, the spin-orbit interaction, the crystal
field Hamiltonian, the spin-spin interaction and the spin-other orbit interaction. The computed energy values are
shown in Table 3 (input parameters are given below the Table) along with the experimental values [20] for
comparison. It is noted from Table 3 that there is a reasonable match with the experimental energy values [20].

Table 3. Computed energy band positions of Cr** doped PbWO, single crystal along
with the experimental values for comparison.

Transition from

‘A (T, *F) Observed Calculated

energy energy

bands bands

(em") (em")

With distortion

[20] I
‘E(“T\,'F) 5962, 6046, 6122, 6192
‘E(*T.,°F) 8392, 12199, 13360, 13941
‘B(“T,,*F) 21368 20616, 20661
‘B(*A,,°F) 23148 20742, 22927
‘E(*T,,*P) 23584 22944, 23233, 23618, 24419
’E 24753 24744, 25125
*A(CT.,'P) 28090 28340, 28573

Input parameters: Numbers of free ion parameters = 5, number of d shell electrons = 3, number of fold for
rotational site symmetry = 1; Racah parameters in A, B and C, spin-orbit coupling constant and Trees correction
are 0, 814, 2948, 240 and 70 cm’, respectively; number of crystal field parameters = 3; B, B.o, B., are taken
from Table 2, spin-spin interaction parameter, MO = 0.2021; spin-spin interaction parameter, M2 = 0.0159;
spin-other-orbit interaction parameter, MO0 = 0.2021; spin-other-orbit interaction parameter, M22 = 0.0159;
magnetic field, B = 0.0 Gauss; angle between magnetic field B and z-axis =0.00 degree.

It is observed from Table 2 that considering a small lattice distortion gives good agreement between
theoretical and experimental results. This suggests that the distortion model employed here is quite reasonable.

The parameters AR, and AR, are negative, which shows that the bond length of Cr-O is smaller than Pb-O.
When distortion in the crystal is neglected, a smaller value of D is obtained. Taking a small distortion, the
calculated ZFS parameter D is very close to the experimental value. This indicates that local distortion has an
important role in the contribution to ZFS parameter and therefore must be taken into account in the calculation.

V. Conclusions:

Cr* ions substitute at Pb*" sites in PbWO, crystal. The differences of charge and ionic radii between
Cr** and Pb* ions provide local distortion around Cr** impurity. The theoretical investigation of ZFS parameter
has been done using perturbation formula and crystal field parameters found from superposition model. Taking
local distortion, the ZFS parameter values of Cr** ion in PbWO, crystal for center I is in good agreement with
the experimental values. It is also found that there is a reasonable agreement between the computed and
experimental optical energy values. Thus the theoretical result supports the conclusion of the experimental
study.
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