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Abstract

The zero field splitting parameters for the Mn?>" doped crystals of LuPOy are estimated from the superposition
model. The obtained parameters are in good agreement with the experimental ones. The experimental
conclusion that the Mn*" ion replaces the Lu** site in LuPOy is supported by theoretical investigation. Using the
crystal field parameters derived from the superposition model and the crystal field analysis program, the optical
spectra of the crystal are computed by diagonalizing the total Hamiltonian. There is a reasonable match
between the calculated and experimental band positions. Thus, the theoretical analysis validates the
experimental observations.
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1. Introduction

EPR is a powerful tool of spectroscopy for studying the solid state chemistry of crystals as the EPR
spectrum can identify the impurity and its valence state as well as provide the local crystalline electric-field
symmetry of the paramagnetic ion [1]. Since Mn?" produces EPR lines even at room temperature, it is the most
researched transition metal ion. It has a 6Ss/» ground state and a 3d> electronic configuration. Zero field splitting
of Mn?" in crystals is very sensitive to small structural changes in the crystal [2-6].

The zero field splitting (ZFS) and crystal field (CF) parameters can be modeled taking the
superposition model (SPM) for application in EPR [7-9] and optical spectroscopy [10-11]. The spin Hamiltonian
(SH) in addition to other Hamiltonians is discussed in [12]. The crystal field (CF) parameters are often obtained
using SPM and the point-charge model [13] while there is exchange charge model (ECM) as well for analyzing
the effects of crystal fields in single crystals doped with rare earth and transition metal ions [14]. In this study,
SPM is employed to calculate the ZFS parameters and the CF parameters. SPM was suggested for CF based on
certain assumptions [15]. Obtaining a static polar coordinate system (Ry, 0, ®L) for each ligand or ion from the
host crystal's X-ray data is crucial for performing an SPM analysis on the CF. Ionic size, ionic charge, and
inter-ionic bonding mismatches will likely cause some local distortion when transition metal ions are added.
Critical analysis of experimental spin-Hamiltonian parameters for Mn?* and Fe*" in CaO and MgO crystals has
been performed [16]. It provides the precise values of the SPM parameters and shows that the CF for 3d ions
satisfies the superposition principle. For the alkali earth oxides, sets of SPM intrinsic parameters based on
reliable ligand distances were determined using a rigorous lattice relaxation model [17].

LuPOy, crystallizes in the zircon structure, which is shared by rare-earth vanadates and arsenates, as
well as the natural minerals zircon (ZrSiO4) and xenotime (RPO4, R =Y, Tb to Lu, and Sc). Plutonic igneous
rocks also contain zircon variants with actinide or transition-metal ion impurities occupying the Zr sites. The use
of zircon and rare-earth orthophosphates as a nuclear waste storage medium has been investigated due to their
high melting temperatures, structural and chemical stability, resistance to radiation damage, and long-term
corrosion resistance. Understanding the thermodynamic behavior of these materials under the temperature-
pressure and radiation-damage conditions that are common in the earth requires knowledge of the phonon
properties. Zircon-type crystalline hosts, in general, exhibit good optical quality (refractive index of 1.8-2.0,
birefringence of 0.04—0.10), and phonons play a vital role in the luminescence properties of transition-metal-
doped crystals [18]. For example, the charge-transfer-type luminescence of Yb*" and Sb*" ions in RPO4 (R = Sc,
Lu, and Y) indicates vibronic coupling involving phonons of energies of about 270 £30 cm™' [19]. The
cooperative Jahn-Teller phase transitions in several stoichiometric rare-earth phosphates and vanadates, which
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involve coupling of the rare-earth crystal-field-split states with acoustic or low-lying optic phonons, have been
investigated by Raman scattering and infrared absorption [20, 21].

Recently, several synthetic analogues of natural minerals have been assessed for their potential
application as stable chemical hosts to isolate high-level radioactive nuclear wastes from the biosphere
permanently. In particular, the favorable long-term geological stability of the natural orthophosphate minerals
xenotime and monazite (LnPO4 with Ln = La, Ce, Pr, ...) has prompted a series of investigations of the
properties of analogous synthetic rare-earth orthophosphates which could chemically incorporate high-level
nuclear wastes [22, 23]. In recent years, single crystals and powders of rare-earth orthophosphate systems both
with, and without, the addition of simulated nuclear waste have been prepared and characterized using a variety
of methods [24-29]. EPR spectroscopy [28] has proven to be particularly useful in these characterizations, since
many of the elements comprising the nuclear waste material are present in the orthophosphate (and other) hosts
with valence states such that unpaired electrons are present. The technique can also be applied to investigations
of impurities in nuclear waste glasses and polycrystalline ceramics [30]. An opportunity to learn more about the
solubility, site symmetry, and other solid state chemical characteristics of an aliovalent ion is presented by
investigating manganese as a divalent impurity in lanthanide orthophosphates. One significant class of high-
level nuclear waste contains manganese. Accordingly, divalent manganese incorporated as a dilute impurity in
both single crystals and powders of the zircon-structure host, LuPO4 has been investigated [31]. Mn?*-doped
LuPO, is characterized by its high density; luminescent properties induced by Mn?*, good thermal stability, and
potentially altered magnetic properties. These properties make it a promising material for various applications,
including phosphors, solid-state lasers, and other optical and electronic devices. Charge compensating
mechanisms that can be local and lessen the crystal field symmetry from the orthophosphate host's tetragonal
symmetry are required when the divalent Mn?" ion is introduced into substitutional Lu*" metal sites. The
introduction of the divalent Mn?>' ion into substitutional Lu** metal sites needs charge compensating
mechanisms that can be local and reduce the crystal field symmetry from the orthophosphate host's tetragonal
symmetry. Mn?" ion is observed to occupy the magnetically inequivalent orthorhombic sites in LuPO4 single
crystal. The spin Hamiltonian parameters at room temperature have been reported [31].

Using CF parameters derived from SPM and perturbation equations, the ZFS parameters D and E are
determined for the Mn?* ion in LuPOj at the substitutional Lu’" site at 293 K (room temperature, RT) in this
investigation [32]. The goal is to locate the Mn2+ ion and the distortion occurring within the crystal. Reasonable
agreement is found between the experimental values and the results obtained for the Mn?" ion at the
substitutional Lu?* site in the LuPOy4 crystal with local distortion. In order to build an SPM parameter database,
the study also aims to determine the degree to which Mn?" ions in LuPOj crystals can be subjected to CF theory
and SPM analysis. This will estimate the design of molecular nano magnets (MNMs) and computer modeling of
their spectroscopic and magnetic properties. The transition ion-based MNM class currently includes single-
molecule magnets (SMM) [33], single-chain magnets (SCM) [34], and single ion magnets (SIM) [35]. The
intriguing magnetic properties of MNM, such as magnetization's macroscopic quantum tunneling and possible
uses in high-density information storage and quantum computing, have attracted a lot of attention from
researchers to the aforementioned systems [33, 34]. Mn?>" and Cr*" ions are present in a number of synthetic
SCM or SMM systems [36]. Since model calculations for simpler systems can be used as a basis for more
complex ones, the parameters of the model developed in this study may be used for ZFS parameter calculations
for Mn?" ions at comparable sites in MNM. Crystals of scientific and industrial significance in a number of other
ion-host systems can be investigated using the modeling carried out in this work. 2. Crystal Structure

Lutetium phosphate, or LuPOs, crystallizes as a tetragonal zircon-type structure and belongs to the
space group 14;/amd (D4y'?, No. 141). The tetragonal lattice has the parameters a =6.792, b = 6.792, ¢ = 5.954 A,
Z =4 [37]. The metal atom has two distinct metal-oxygen bond distances and is eight-coordinated to oxygen
atoms. Each of these discrete lengths is tetrahedrally oriented orthogonal to the others forming the
dodecahedron. The dodecahedron is a distorted cube that can be visualized to give its point group by viewing it
as two perpendicular trapezoids. Furthermore, two interpenetrating tetrahedra can be found in a cube that has
been distorted to reduce repulsions between oxygen atoms while preserving a favorable metal-oxygen
interaction. The resulting eight-vertice polyhedron made up of the two interpenetrating bisphenoids is
commonly referred to as a bisbisphenoid (symmetry Dg), and the distorted tetrahedra are known as bisphenoids
(symmetry D»g). The dodecahedron's eight vertices are separated into two sets of bisphenoids, but they are not
equivalent. Figure 1 shows the symmetry adopted axis system (SAAS) and crystal structure of LuPOa.
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Fig. 1. The crystal structure of LuPOs at room-temperature and the symmetry-adopted axis system (SAAS).

II. Calculations of Crystal Field and Zero Field Splitting Parameters

The below spin Hamiltonian is used to analyze EPR spectra [8]:
1
,UBB.g.S+D{S§ —SS(S+1)}+E(S5—Sy2)=H €))

The applied magnetic field, Bohr magneton, spectroscopic splitting factor, second rank axial, and second rank
rhombic ZFS parameters are represented by the letters B, uB, g, D, and E [38-39]. The a, b, and c crystal axes
along with the laboratory axes (X, y, z) are shown in Fig. 1. The mutually perpendicular directions of metal-
ligand bonds are referred to as the local symmetry axes or the symmetry adopted axes (SAA) of the site. As
displayed in Fig.1, the axis-Z of SAAS is along the crystal axis- ¢, and (X, Y) are perpendicular to the axis-Z. In
the LuPOy crystal, doped Mn?* ions enter the lattice at substitutional Lu®" sites with a certain amount of loca’
distortion [40].

The spin Hamiltonian for a 3d° ion is written as [41],

%:%0+3€50+3€55+3€C (2)

#. =Y B, CY G)

kq~q
where Byq (in Wybourne notation) are the CF parameters and C;k) are the spherical tensor operators. Byq # 0 in

the crystal field of orthorhombic symmetry only for k =2, 4; q = 0, 2, 4. The CF parameters Byq are calculated
using SPM [42].
The symmetry of the local field about Mn?* ions in the LuPOs crystal is considered to be orthorhombic
(OR-type I) [8]. In this symmetry, the ZFS parameters D and E are obtained as follows [42]:
2

2
D= (LJ[—B;] ~21¢B,, +2B]+ (6;—

2 2 2
e PZGJ[—SB40 —4B2 +14B’,

(4)

E= RS [2B, —21¢]B,, + & [3v10B,, + 2J/7B,,1B
70P2D' 20 22 63P2G 40 44 1P 4

)
Here P = 7B+7C, G = 10B+5C, D’ = 17B+5C. B and C represent Racah parameters and ¢ is the spin-orbit

coupling parameter. Considering average covalency parameter N, B = N*By, C = N*Co, ¢ = N2¢ o, where ¢ ¢is

free ion spin-orbit coupling parameter and By and Cy are free ion Racah parameters [41, 43]. The free Mn?" ion
has Bo= 960 cm™!, Co=3325 cm™ and ¢ ¢=336 cm™ [8].
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The parameter N is found from N = ( }% + C/C )/2 taking Racah parameters (B = 917 cm’!, C = 2254
0 0

cm'!) obtained from optical analysis of Mn?* ion in zinc ammonium phosphate hexahydrate, the crystal having
oxygen ligands [44], since there is no reporting of optical study of Mn?" doped LuPOs in literature.

The CF parameters, in terms of co-ordination factor qu (0 PP j) and intrinsic parameter A_K(R i ), using SPM
are obtained [15, 42] as

B, =2 A, (R)K;,(0,.9,) ©)
J
A_K(R i ) is written as
t
J— RO -
A(Ry) R_ :Ak (Rj) (7

where the ligand's distance from the d" ion is denoted by Rj , A_k(Ro) is the intrinsic parameter, Ry is the
reference distance from the metal ion to the ligand and ty gives power law exponent. For crystals doped with
Mn?" ion, t, =3 and ts= 7 are taken [42]. Since the Mn?" ion's coordination is octahedral, A_4 is estimated from
the relation [45]

A

>
—~
A
o
~—
Il

Dq ®)

AW

lies in the
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~

From optical study [44], Dg = 756 cm™'. Therefore, 4, (Ro )= 567 cm’l. For 3d° ions the ratio

>

range 8 - 12 [41, 46-47]. With =2 = 10, A, = 5670 cm’'.

P

II1. Results and Discussion

Utilising SPM, parameters A_2 and A_4 , and the ligand arrangement about Mn?* ion as indicated in Fig. 1, the

CF parameters of the Mn>" ion at the substitutional Lu’" sites are evaluated. Atomic coordinates in LuPOy4 single
crystal, bond length R (with and without distortion), and angles 0, ¢ for site I are provided in Table 1. The CF
parameters and ZFS parameters together with reference distance Ry are given in Table 2. Table 2 shows that
ZFS parameters for substitutional octahedral site I differ from the experimental values [31] with Ro = 0.200 nm
being slightly smaller than the sum of ion radii (0.223 nm) of Mn?* = 0.083 nm and O* = 0.140 nm and no
distortion. Experimental ZFS parameter values |D| and |E| for site I are 177.3x 10* cm!, 8.3x 10* cm™,
respectively. |E|/|D| is found as 0.047 being smaller than the standard value 0.333 [39]. |D| and |E| determined
theoretically without distortion are larger than the experimental values. The value of |E/|D| is also larger than
the standard value 0.333 [39]. As a result, the computation takes local distortion into account. The ZFS
parameters for substitutional octahedral site I are in good agreement with the experiment's values, with the Ry
value and local distortion above [31]. ZFS parameters close to experimental values have been calculated using
the parameters t, = 3 and t4 = 7 with transformation S2 for standardization [39] to get |E|/|D| ratio < 0.333.
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Table 1. Atomic coordinates, bond length R (both with and without distortion), and angles 6, ¢ in LuPO4 single

crystal (site I).

Location of Mn?* Ligands Spherical polar co-ordinates of ligands

X y z R(nm) 0° 0°

(A)

Without distortion
Site : Substitutional O1 0.0000 0.4262 0.2126  0.2260 R; 87.77 6; 90.00 ¢,
Lu 02  0.0000 -0.4262 0.2126  0.8005 R; 89.37 6, 90.00 ¢
(0.0000, 0.7500, O3 0.0000 0.9262 0.0374 0.1305 Rz 93.84 03 90.00 @3
0.1250) O4 0.0000 0.0738 0.0374  0.4622 R4 91.08 04 90.00 ¢4

O5 -0.4262 0.0000-0.2126  0.6194 Rs 93.12 05 93.95 os
06 0.4262 0.5000 0.4626 0.3912 Rs 85.05 0s 83.72 s

With distortion
I 01 0.5560 72.77 91.50
02 0.9905 99.37 92.00
03 0.2705 105.84 92.00
04 0.6072 90.58 96.00
05 0.8044 108.12 93.95
06 0.4762 70.05 85.72

Table 2. The crystal field and zero field splitting parameters of the Mn?* doped LuPOy crystal.

Zero-field splitting

Crystal- field parameters (cm™) parameters (10-*cm™)
Site Ro(nm) By Bx Bug B B D] E | [EV/D]
Without distortion
Site |
A2
A==10 0.200 -25498.8 -31461.5 32906.84 35007.44 47583.73 33303.3 145244 0.436
4
With distortion
Site |
A2
A==10 0.200 -3139.84 1965.327 66.2917 97.21412 2242.043 1773  47.8 0.269

4
Exp. 1773 8.3 0.047

The optical spectra of Mn?" doped LuPOs single crystals are computed using the CFA program [48] and Biq
parameters (with distortion). The locations of the Mn?" ion's energy bands are established following the
diagonalization of the total Hamiltonian.

The energy band locations for substitutional site I are displayed in Table 3 according to calculation and
experimental data [44].

Table 3. The positions of energy bands of single crystal of LuPO4 doped Mn?*, both calculated and

experimental.
Transition from Observed Calculated
A 14(S) band band
(cm™) (cm™)
1
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“Tiy(G) 16044 20430, 20435,
21251, 21268,
21364, 21389
“Toe(G) 20433 21672, 21680,
21782, 21807,
21843, 21874

E(G) 24108 22382, 22402,

22646, 22663
“A14(G) 24242 23547, 23563
“Ty(D) 26724 26743, 26814,

26904, 26969,
27302, 27330

“Ey(D) 30451 30239, 30417,
30528, 30589
“T14(P) 33956 32787, 32816,

32883, 32994,
33404, 33476
*Ase(F) 36846 36866, 36925

4T o(F) 38521 37563, 37649,
37709, 37765,
39635, 39639

The calculated and experimental energy band positions agree quite well, as Table 3 demonstrates.
Thus, the experimental discovery [31, 44] that Mn?" ions enter the LuPOy crystal at the substitutional octahedral
site is supported by the theoretical results. Table 3 shows a good agreement between calculated and
experimental energy band positions. Therefore, the theoretical results support the experimental finding [31, 44]
that Mn?* ions enter the LuPOj crystal at the substitutional octahedral site.

1V. Conclusions

Zero field splitting parameters using perturbation theory and the superposition model for LuPOj4 single
crystals doped with Mn?" ions are obtained. The ZFS parameters calculated agree well with the experimental
values. The calculated positions of the optical energy bands match reasonably well with those obtained from the
experiment. Therefore, the theoretical analysis that Mn>" ions occupy substitutional sites in LuPQ4 supports the
experimental result. ZFS parameter determinations for Mn?" ions at similar locations in molecular nano magnets
may be performed using the model parameters derived from this investigation. Crystals with a wide range of
scientific and industrial uses can be found using the current modeling technique.
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