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Abstract

Based on perturbation theory and the superposition model, the splitting parameters for the zero field of Mn**
incorporated [NH4][Zn(HCOO)3] crystals are found. The acquired parameters fairly correspond to the
experimental ones when the computation takes local distortion into account. The theoretical result supports the
experimental finding that Mn®* ion enters the [NH,][Zn(HCOO)s] hybrid formate at substitutional Zn* site.
The system's optical spectra are computed using the crystal field parameters from the superposition model and
the crystal field analysis program. Through diagonalization of the entire Hamiltonian in the coupling scheme
of intermediate crystal field, the energy band locations of the Mn* ion are derived. The Coulomb interaction,
crystal field Hamiltonian, Trees correction, spin-orbit, spin-spin, and spin-other- orbit interactions
make up the Hamiltonian,.the parameters B and C are employed in relation to the coulomb interaction. The
calculated and experimental band positions are found to reasonably agree. As a result, the theoretical analysis
validates the results of the experiment..
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I Introduction
When a magnetic field is applied externally, one can use the method of electron paramagnetic
resonance (EPR) to ascertain the transition metal ions' energies as they go through Zeeman transitions. Mn®* ion
is the most studied transition metal ions because of providing the EPR signal even in ambient conditions. This
ion has half filled 3d orbital and its ground state is 83, ,,. This ion's paramagentism can only be attributed to the
electron spin because the angular momentum is zero. The zero field splitting of this ion in crystals shows
sensitiveness to small structural changes of the system [1-3].

For use in EPR [4-6] and optical spectroscopy [7-8], the parameters for zero field splitting (ZFS) and
crystal field (CF) can be semi-empirically modeled utilizing the superposition model (SPM). In [9], the spin
Hamiltonian (SH) together with other Hamiltonians is explained. The parameters of the crystal field (CF) are
often found employing SPM and the point-charge model [10] even if the exchange charge model (ECM) is a
useful technique as well for analysing the effects of crystal fields in single crystals infused with rare earth and
transition ions [11].. In this study, we used SPM to compute the ZFS parameters and By,, the CF parameters.
SPM was suggested [12] for CF based on the ensuing presumptions: (1) An algebraic total of the crystal's other
ions' contributions can be used to determine the paramagnetic ion's CF. All the significant contributions to the
conservation of free energy from each paramagnetic ion have axial symmetry with respect to their position
vector when the ion is in the chosen coordinate system's origin. (3) The CF contributions of just nearby or
coordinated ions are to be taken into account. (4) Across various host crystals, contributions to CF from a
solitary ion (ligand) can be transmitted. The axial symmetry assumption, however (2) permits the transformation
of one coordinate system into another, the first assumption provides support for the applicability of
superposition principle in characterising the CF. Nonetheless, a more limited version of assumption (3) is
sometimes utilised, when solely the closest neighbour ions are occupied. According to the final ligand
transferability assumption (4), the only factors influencing the contributions of one ion to CF are its character
and separation from the paramagnetic ion. In order to perform an SPM analysis on the CF, it is essential to
obtain a stable polar coordinate system (R, 6., @) for each ligand or ion from the host crystal's X-ray data.
When transition metal ions are doped, ionic size, ionic charge, and inter-ionic bonding mismatches will
probably result in some degree of local distortion. To find the fitted values of the SPM power-law exponents and
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the intrinsic parameters, a non-linear or linear least-square fit may be performed on an adequate quantity of CF
parameters. Mn** and Fe®* experimental spin-Hamiltonian parameters in CaO and MgO crystals have been
critically analysed [13]. For the EPR data, it gives the SPM parameters' exact values. and demonstrates that the
superposition principle is satisfied by the CF for 3d ions. A strict lattice relaxation model was utilised [14] to
ascertain sets of SPM intrinsic parameters based on dependable ligand distances for the oxides of alkali earth.

For Fe*" and Mn?* doped MgO, Ca0, and SrO (RO = 2.0 A): E = (-1552+48) x10™ cm™ and (-6440+113) x10°

* cm™, respectively, with a fixed t, = 16 for both ions. For both Fe** and Mn®*, the values of E are 9.9+0.8

x10™* cm™, with a fixed t, of 16+4 for each ion. The fitted values for Mn®* and Fe®", respectively, were 17.7 and
14.4 for the separate fitting of t,.

Because of their hybrid inorganic-organic nature, the recently created metal-organic frameworks
(MOFs) have demonstrated a variety of properties or functionalities [15]. MOFs are widely researched hybrid
materials because of their possible applications in drug delivery systems, multiferroic memory devices, and
separation and gas storage devices [16—19]. These networks of coordination are made up of metal centers that
form porous structures and various organic linker molecules. The pore system in the dense MOFs confines
molecules firmly attached to the structure [15]. The [A][M(HCOQ)3] metal-formates, which show intriguing
ferromagnetic and ferroelectric-like properties, are the most significant class of dense MOFs [18-21]. The
aforementioned compounds' metal centers M** (Zn*, Cd**, and Mg?* ions) are joined into anionic frameworks
with MOg octahedra by formate linkers [22—25]. Molecular cations A" such as (CH3),NH," [18-19, 20, 22] or
NH." [23, 24] are contained by these porous structures. Structural order-disorder phase transitions are a common
property shared by most formate frameworks [20, 22-25]. A ferroelectric behavior was found in
[NH,][M(HCOO)s] frameworks having ammonium (NH, * ) cations [23, 26, 27]. These systemss generally
crystallize in 4° - 6° chiral structural topology, which is less common [28] with the possible 4'2-6° topology
[NH4][Cd(HCOO)3] framework being an exception [29]. [NH,][Zn(HCOO);3] (AmZn) is an interesting example
of above frameworks. The ammonium cation ordering and change of space group from P6322 in the high
temperature (HT) phase (T > Tg) to the polar P65 in the low temperature (LT) phase (T <T,) occur after this
experiences a structural phase change at roughly To = 190 K [27].

One AmZn crystal doped with Mn®* has undergone EPR analysis from 26-332 K [30], and ZFS
parameters D and E have been established at 100 and 26 K. The results suggest that the substitutional Zn* site
in Amzn is occupied by Mn®* ions [33]. In the current study, the ZFS parameters D and E are calculated for the
Mn®" ion in AmZn at substitutional Zn?* site at 100 K using CF parameters evaluated from SPM and
perturbation equations [31]. The objective is to find the location of Mn?" ion and the distortion occurring in the
crystal. The results found for the Mn?* ion at substitutional Zn?* site in AmZn crystal with local distortion
provide reasonable match with the experimental values. Additional objective of the present study seeks to
determine the extent to which CF theory and SPM analysis can be applied to Mn?* ions in AmZn crystals in
order to create an SPM parameter database. Molecular nanomagnet (MNM) design and computer modeling of
their magnetic and spectroscopic characteristics will be determined by this. SMMs, or single-molecule magnets,
[32], single-chain magnets (SCM) [33], and single ion magnets (SIM) [34] are currently included in the
transition ion-based MNM class. The above systems have drawn large attention because of the noteworthy
magnetic characteristics of MNM, for instance, magnetization's macroscopic quantum tunneling and potential
uses in quantum computing and high-density information storage [32, 33]. There have been numerous
synthesized SCM or SMM systems with Mn?*and Cr** ions [35]. The parameters of the model established in this
case may be used for ZFS parameter calculations for Mn** ions at similar sites in MNM, since model
calculations for simpler crystal systems can serve as a foundation for more complex ones. The modeling
employed in this work can be extended to explore crystals of scientific and industrial interest in numerous other
ion-host systems.

. Crystal Structure

AmZn's structures at 290 and 110 K have been identified [27]. The crystal has a nonpolar point group D6, a
hexagonal space group P6;22 at 290 K, with a = 7.3084(2) A, ¢ = 8.1705(3) A, and V = 377.94(2) A3. The
structure [NH,]J[M(HCOO);] (M = Mn%, Co®, Ni?") [28] is identical,. It has a (4° - 6°) network topology and a
three-dimensional array of NH," cations in a chiral anionic [Zn(HCOQ)3-] framework placed along the ¢
direction in its helical channels [36]. At 190 K, a structural phase change that occurs in AmZn was observed,
which was succeeded by the disorder-order transition of NH," and associated structural changes, as well as the
unit cell tripling with the polar P6; replacing P6522 as the space group. While a at 110 K becomes 12.5919(3) A
very close to 3"%a at 290 K, compared to 290 K, the length of ¢ is marginally longer at 110 K (8.2015(2) A). As
aresult, V at 110 K = 1126.18(5) A2, which is almost equal to 3V at 290 K. The AmZn crystal structure at 110
K is displayed in Fig. 1 adopting an axis system with symmetry (SAAS).

66



Local Structure and Optical Studies of Mn®** Doped [NH,][Zn(HCOO)s] Hybrid Formate ..

|

Fig. 1. AmZn crystal structure at 110 K adopting an axis system with symmetry (SAAS).
1. Crystal Field and Zero Field Splitting Parameter Calculations

The analysis of EPR spectra is done with the spin Hamiltonian [5] given below:
1
0= 1,B.g.S+ D{sz2 —§S(S +1)}+ E(S; -S)) 1)

where B, Mg, g, D and E are the applied magnetic field, Bohr magneton, splitting factor, second rank axial, and
second rank rhombic ZFS parameters [37-38]. The a*, b, and ¢ modified crystal axes are along the laboratory
axes (X, Y, z). The directions of metal-ligand bonds that are mutually perpendicular are referred to as the local
symmetry axes of the site or the symmetry adopted axes (SAA). As demonstrated in Fig.1, the axis-Z of SAAS
is along the crystal axis- ¢, and (X, Y) are perpendicular to the axis-Z. When Mn?* ions are doped in AmZn
crystal, these enter the lattice at substitutional Zn®* sites with some local distortion [39].

For a 3d® ion, the spin Hamiltonian can be expressed as [40],
%=3€0+3€so+3’€ss+gec (2)

Jec =) B,CY (3)
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where By, in Wybourne notation, are the CF parameters and Cék)are the spherical tensor operators of

Wybourne. Byq # 0 in the orthorhombic symmetry crystal field only for k = 2, 4; q = 0, 2, 4. Utilizing SPM, the
CF parameters Byq are computed [41].
The symmetry of the local field about Mn®* ions in the AmZn crystal is assumed to be orthorhombic (OR-
type 1) [5]. In OR-type | symmetry, the ZFS parameters D and E are ascertained as follows [41
3§2 2 2 gz 2 2 2
D= (m [-B3 —21¢B,, +2B,,] + 63P2G [-5B,, —4B,, +14B,,]
(4)

2 2
E= (%)[2 Bzo - 21§] Bzz + (GST:)ZG j[g\/EBzm + 2\/7544]842

©)
In above Eqns. P = 7B+7C, G = 10B+5C, D’ = 17B+5C. B and C are Racah parameters and ¢ is the spin-orbit
coupling parameter. With the average covalency parameter N in mind, we get B = N*B,, C = N* C,, ¢ = Nzg 0
where ¢ ¢ presents free ion spin-orbit coupling parameter and B, and C, Racah parameters for free ion [40, 42].
For free Mn®* ion, Bo= 960 cm™, C,= 3325 cm™and ¢ o= 336 cm™ [5].

The parameter N is evaluated from N = ( % + [C C )/2 taking Racah parameters (B = 906 cm™, C
0 0

= 2254 cm™) found through optical analysis of Mn?* ion in the crystal with oxygen ligands [43].

The CF parameters, in terms of co-ordination factor K, (0;,¢;) and intrinsic parameterA_K(Rj), using SPM
are found [12, 41] as

qu ZZE(Rj)qu (ej!¢j) (6)

A_K(Rj), the intrinsic parameter, is provided by

t

— — R

Ak(Rj) = Ak(Ro)(_OJ (1)
RJ

where R;is the ligand's distance from the d" ion, A_k(RO) is the intrinsic parameter, R, is the reference

distance of the ligand from the metal ion and t, denotes power law exponent. For Mn**doped crystals, t, = 3 and

t, = 7 are used [41]. Different values are considered in the present calculation as discussed later. As the co-

ordination about Mn?" ion is octahedral for site I, E is found from the relation [44]

— 3
A4(Ro): Z Dq (8)

— A
Taking optical study [43], Dq= 756 cm™. Therefore, A, (RO)= 567 cm™. For 3d° ions the =2 falls in the
4

. . i _ N _ 1
range 8 - 12 [40, 45-46]. Considering - 10, A, =5670 cm™.
4

V. Results and Discussion

Using SPM, parametersA_2 and K , and the ligand arrangement around the Mn?* ion as indicated in

Fig. 1, the CF specifications of the Mn? ion at the substitutional Zn®* site are computed. Table 1 provides
atomic coordinates in AmzZn single crystal along with bond length R (both with and without distortion) and
angles 0, ¢ for site I. The CF parameters using Eq. (6) and ZFS parameters from Egs. (4) & (5) along with
reference distance Ry are presented in Table 2. Table 2 demonstrates that R, = 0.200 hm is somewhat less than
the sum of radii of ions (0.223 nm) of Mn?* = 0.083 nm and O* = 0.140 nm along with no distortion yield ZFS
parameters for substitutional octahedral site | to be larger than the experimental values [30]. |[E|/|D] is also larger
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than the standard value 0.33 [38]. Therefore, local distortion was taken into account. Using above value of R,
and local distortion, the ZFS parameters for substitutional octahedral site | are in good accord with those from
the experiment [30]. The parameters t, = 18 and t, = 21 with transformation S2 for standardization [38] have
been used to obtain |E|/|D] ratio < 0.33 and calculated ZFS parameters near to experimental values.

Table 1. Atomic coordinates, bond length R (both with and without distortion), and angles 6, ¢ in AmZn single
crystal (site I).

Position of Mn** lons Spherical polar co-ordinates of ions
0
X y z R(nm) ] ¢°
(4)

Without distortion
Substitutional O1 0.42572 0.26472 0.44203 0.2088 R; 93.96 0. 87.51 ¢1
Znl 02 042814 0.15518 0.23013 04174 R, 94.89 6, 83.72 ¢,
(0.33522, 0.33146, 03 0.39868 0.48889 0.44032 0.2101 R; 93.98 0; 88.26 3
0.58625) 04 0.50569 0.60248 0.22882 0.4186 R, 94.89 0, 87.65 ¢4

O5 0.17529 0.23515 0.44583 0.2100 Rs 93.83 05 94.37 os
06 0.06942 0.24422 0.23442 0.4130 R 94.88 05 93.70 ¢s
With distortion

Site | 0O1 0.3888 95.16 89.01
02 0.4974 96.89 90.72
03 0.3901 95.48 90.26
04 0.4986 102.89 81.99
05 0.3950 95.83 94.37
06 0.4980 96.88 95.70

Table 2. The Mn*" doped AmZn crystal's zero field splitting and crystal field parameters.

ZFS
CF parameters (cm™) parameters (x10cm™)
Site Ro(nm) Bao B, Bio B, = |D| |E | |E|/|D|
Without distortion
Site |
A
A

4 =10 0.200 -16399.9 -20176.8 3523.559 3729.196 6406.725 3540.3 1764.2 0.498
With distortion
Site |

>

2

>

4210 0200 -0.10711 0.083849 0.003561 0.003815 1816.461 56.78 0.0009 1.706x10*
Exp. 5678 935 0.164

The CFA program [47] and qu parameters (with distortion) are used to compute the Mn*" doped AmZn single

crystals' optical spectra.. After diagonalizing the entire Hamiltonian, the locations of the energy bands of the

Mn?" ion are found. Table 3 displays the energy band positions for substitutional site | based on calculations and
experimental data [43].
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Table 3. The locations of Energy bands of single crystal of AmZn doped Mn?, both calculated and
experimental.

From Bands Bands
Observed Calculated
*Asg(S) (em™) (cm™)
transition |
4Tlg(G) 16044 20815, 20822,

21611, 21625
21638, 21649
“To(G) 20433 21895, 21896
21904, 21920,
21953, 21954

‘E4(G) 24108 22618, 22621

22624, 22630
*A1g(G) 24242 23428, 23430
“Toe(D) 26724 27208, 27222

27256, 27268,
27294, 27303

“E4(D) 30451 30631, 30729,
30793, 30798
“Ti(P) 33956 32861, 32928

32931, 33254,
33273, 33676
“Asy(F) 36846 36832, 36846

4T1g(F) 38521 37012, 37023,
37028, 37041,
37054, 39757

Table 3 shows that the calculated and experimental energy band positions agree fairly well. Therefore,
the theoretical findings corroborate the experimental finding [30, 43] that Mn®" ions enter the AmZn hybrid
framework at substitutional octahedral sites. The model parameters available here may be used in ZFS
parameter computations for Mn?* ions at comparable MNM sites.

V. Conclusions

We have estimated zero field splitting parameters using perturbation theory and the superposition
model for Amzn single crystals doped with Mn*" ions. The ZFS parameters that were computed and the
experimental values agree well. The estimated positions of the optical energy bands agree reasonably well with
those from the experiment. Thus, experimental observation is supported by the theoretical results that Mn?* ions
occupy substitutional site 1 in AmZn hybrid framework. The model parameters obtained in this study may be
used for ZFS parameter computations for Mn?* ions at comparable locations in molecular nano magnets. The
current modeling methodology can be extended to explore crystals for scientific and industrial purposes in
numerous other ion-host systems.
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