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Abstract. The aim of the present paper is to employ theoretical methods to investigate the zero field splitting
(ZFS) parameter and to investigate the position of the dopant in the host. These theoretical calculations have been
compared with the empirical results. The superposition model (SPM) with the microscopic spin-Hamiltonian (MSH)
theory and the coefficient of fractional parentage have been employed to investigate the dopant manganese(Il) ion
substitution in the diaquamalonatozinc(Il) (DAMZ) single crystal. The magnetic parameters, viz. g-tensor and D-
tensor, has been determined by using the ORCA program package developed by F Neese et al. The unrestricted
Kohn—Sham orbitals-based Pederson—Khanna (PK) as the unperturbed wave function is observed to be the most
suitable for the computational calculation of spin—orbit tensor (DS9) of the axial ZFS parameter D. The effects of
spin—spin dipolar couplings are taken into account. The unrestricted natural orbital (UNO) is used for the calculation
of spin—spin dipolar contributions to the ZFS tensor. A comparative study of the quantum mechanical treatment of
Pederson—Khanna (PK) with coupled perturbation (CP) is reported in the present study. The unrestricted Kohn—
Sham-based natural orbital with Pederson—Khanna-type of perturbation approach validates the experimental results
in the evaluation of ZFS parameters. The theoretical results are appropriate with the experimental ones and indicate

the interstitial occupancy of Mn”* ion in the host matrix.
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1. Introduction

The electron spin resonance spectroscopy is well-
established in multidisciplinary fields to study the char-
acterization of electronic structures of open-shell elec-
trons with non-zero spin [1,2]. Studies using electron
magnetic resonance (EMR) spectroscopy or electron
spin resonance (ESR) spectroscopy provide information
about zero field splitting (ZFS) parameters and local site
symmetry of transition metal ions doped in diamagnetic
host [3,4]. Studies of electronic structure of impurities
in solid materials have attracted great deal of attention
of researchers for many years owing to their impor-
tance in practical applications [5-9]. The EPR studies on
diamagnetic hosts offer detailed information about the
electric field symmetry produced by the ligands around
the paramagnetic ions [10,11]. In general, paramagnetic
ions are doped in diamagnetic or paramagnetic host

lattices of known symmetry [12,13]. The exchange and
dipolar interaction between a paramagnetic host and a
doped paramagnetic ion broaden the resonance lines and
structural studies become difficult. The transition metal
ions doped in host lattices play a major role in modify-
ing the crystal structure and have been widely applied
in wave guides, holography and electro-optical devices
[14,15].

The diaquamalonatozinc(Il) abbreviated as DAMZ
single crystal, first synthesized in 1982 [16], find its
application in the enrichment of dentate ceramics. The
structural and spectral investigations of transition metal
and rare earth ion complexes doped in the host contain-
ing malonato ligands continue to be of current interest
for their wide applications. Malonato ligand, when coor-
dinated with platinum, is known in the treatment of
malignant tumors (United States Patent 4140707). The
complex polymer compounds containing malonic acid
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as a ligand have been recently studied due to their poten-
tial applications in molecular electronics, catalysts,
biologically active compounds, magnetic specimen in
molecular form, microporosity, electrical conductivity,
non-linear optical activity [17,18] etc.

Manganese(Il), abbreviated as Mn(II), doped single
crystals have been studied by several researchers [19-
22]. The main emphasis of the study was to determine
the site symmetry, orientations, phase transitions and
magnetic properties of the materials. Mn(II) has five 3d
electrons and its ground state is 635 /2. The S-state ions
are characterized by long spin-lattice relaxation times,
as the resultant angular momentum is zero. Hence only
the electron spin is responsible for the paramagnetic
behaviour. The ZFS tensor, its magnitude and orienta-
tion being very sensitive to the strength and geometry
of the crystal field make these d5 ions ideal to study
the site symmetry and phase transitions [23]. Studies
of the relaxation behaviour in complexes due to ZFS
have attracted considerable interest due to their potential
applications in high density information storage, quan-
tum computing and magnetic refrigeration [24-28].

The ZFS may arise due to two types of mecha-
nisms: (1) due to dipole—dipole interaction between
the magnetic moments of the unpaired electrons and
(2) due to spin—orbit coupling (SOC). In most of the
cases, the SOC mechanism was found to be respon-
sible for ZFS in transition metal ions [29]. In the
present study, the effect of spin—spin coupling is taken
into account. Various techniques such as frequency
domain magnetic resonance spectroscopy [30], mea-
surements of the temperature dependence of magnetic
susceptibility [31], magnetic circular dichroism [32] and
measurements of NMR relaxation rates for nuclear spins
associated to a ligand bound to the paramagnetic cen-
tre [33] etc. are there to determine the ZFS parameters.
The superposition principle using microscopic spin-
Hamiltonian (MSH) theory is a simple self-contained
quantum mechanical perturbation method based on phe-
nomenological postulates [34,35] to study the axial and
rhombic ZFS parameters of the doped paramagnetic
ions in host lattices. The superposition model (SPM)
developed by Newman and Bradbury was used to sep-
arate the geometrical and physical information in the
crystal field parameters [36,37]. The SPM has now
become an area of active interest for researchers to
determine the phenomenological crystal field parame-
ters and dopant position in host compound using MSH
[38—40]. Further computer programs based on SPM
incorporating Monte—Carlo method has been developed
for interpreting EMR spectra [41,42]. The development
of theoretical tools to evaluate the ZFS parameters by
using quantum chemistry computational models has
been studied by Neese et al [43—47]. Investigations
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by quantum theoretical methods have been reported by
some other researchers [48-52].

The present paper deals with the evaluation of ZFS
parameter using the theoretical computational program
package ORCA developed by Neese et al. This com-
putational tool has been previously used to study the
ZFS parameters of doped transition metal ions in dif-
ferent hosts [53-55]. This computer program has been
used for density functional theory (DFT) with different
modules. The g-tensor, which gives information about
the isotropic or anisotropic properties of the crystal,
has been computed with ORCA computational program
package. The methods of superposition principle and
coefficient of fractional parentage have also been used to
evaluate the ZFS D tensor. Previously, the authors have
reported the theoretical study on the zero field splitting
and dopant position of Mn>* in potassium trihydrogen
selenite single crystal [56].

2. Crystal structure

The unit cell of DAMZ is monoclinic with ¢ =
1.258,b = 0.741,¢ = 0.723nm and contains four
molecules. From experimental studies it is observed that
zinc atom is surrounded by a distorted octahedron of
six water molecules, such that the two water molecules
are at a distance of 0.206 and 0.215 nm and four oxy-
gen atoms of the two malonato groups are at 0.213 and
0.202 nm [16,57] (figures 1 and 2).

3. Theoretical interpretation
In systems with more than one unpaired electrons, the

spin degeneracy is removed even in the absence of exter-
nal magnetic field due to SOC known as the zero field

Figure 1. The optimized geometrical configuration of the
host lattice. The Cartesian coordinates X, Y and Z are shown.
This figure is similar to that given in [16,57]. The red and blue
circles indicate the oxygen and zinc(Il) atoms respectively.
The interstitial position of the manganese impurity is shown
as the pink circle.
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Figure 2. Manganese(II) distorted octahedron is expected to
occupy any interstitial site. The z-axis is oriented transverse
to the four tetragonal positions of oxygen atoms.

interaction. This is also a dipolar type of interaction that
can be expressed as [58]

1
Hzps = D [s% — 385+ 1)} +E(Sy-S7)., O

where D represents the axial zero field splitting param-
eter and E is an asymmetry parameter which measures
the deviation from axial symmetry. E is also known as
rhombic zero field splitting parameter. In the crystallo-
graphic axes frame, the ZFS parameters D and E are
expressed as

1
D=Dzz - 3 (Dxx + Dyy) ()

1
E= 3 (Dxx — Dyy). (3)

This means that the local lattice distortion in the position
of the dopant Mn(II) can occur when axial and rhombic
ZFSs are present in the host.

From literature survey, it has been observed that the
SOC is the most important mechanism for ZFS in the
Mn?*-doped single crystals [59—61]. In the present
study, the orbit—orbit interaction is neglected [60]. The
ZFS parameters have been evaluated earlier by using
the SPM and MSH by considering the local site sym-
metry to be distorted octahedron [62,63]. From the EPR
experimental study of DAMZ single crystal with posi-
tive sign of axial ZFS D and rhombic ZFS E, the dopant
Mn(I) is expected to exhibit compressed octahedron
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Table 1. Mn(II) interstitial occupancy in the host compound
(DAMZ).

Mn-O bond length (A) 0 (°) @ (°)
2.74(03) 90.01 90
2.56(07) 91.07 180
2.54(04) 91.07 0
2.76(01) 87.85 270
3.23(0s) 0 0
3.22(0g) 180 0

(i.e. orthorhombically distorted) [57]. Since the ionic
radii of Mn(II) and Zn(II) are different, a reasonable
change is made in the bond length and bond angles of
Mn-O.

3.1 MSH Theory

The system is considered to be perturbed with tetragonal
symmetry, and the axial ZFS parameter D and rhombic
ZFS parameter E can be expressed as [60],

D™ (SO) = (362/70P> D)(— B3, — 21& Byo + 2B3,)
+ (£2/63P>G)(—5B3, — 4B, — 14B},)
E®(S0) = (v6§2/70P>D)(2By — 21£) By
+ (§7/63P>G)(3v/10B4g + 2v/7B4s) Ba
4)
where
P=7W+7C,G = 10W +5C, D = 17TW + 5C.

The parameter W measures the interelectronic repul-
sion among the electrons in the d-orbitals. The values
of W and C are the measures of the spatial arrangement
of the orbitals between the ligand and the metal ion.
The effect of spin—orbit interaction to the Hamiltonian
is considered in the above expression. In considera-
tion with the nephelauxetic effect in terms of average
covalency factor N, the Racah parameters W and C
are expressed as W = N*Wy and C = N*Cy, where
Wo and Cy signify Racah parameters in the free state.
The SOC would be reduced in a crystal by a factor
Ea = N?&.

The proposed polar coordinate (®) and bond lengths
(A) for Mn?* interstitial occupancy in DAMZ evalu-
ated from X-ray diffraction (XRD) study [16] are given
in table 1. The bond lengths and angles have been var-
ied because the ionic radii of Mn>* and Zn>* are
different.

3.2 Results and discussion

All calculations have been done in the symmetry adapted
axis system. The phenomenological crystal field param-
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eters evaluated are as follows: Byy = 13183 cm™!,
By = 22cm™!, By = 13458 cm™!, By =
—13.49 cm™!. The calculated values of axial (D) and
rhombic (E) zero field splitting parameters are 546 x
10~*cm~! and 124 x 10~* cm™! respectively.

4. DFT computational studies
4.1 Computational details

All calculations of the ZFS parameters D and E of
the dopant in the base compound DAMZ were per-
formed using the ORCA program package [64—66]. The
non-hybrid functional BP and hybrid functional B3LYP
are reported in the present investigation. The basis set
def2-TZVP is used in conjunction with auxiliary basis
set def2-TZVP/]. In the present calculation, the SOC
operator has been represented by the spin—orbit mean-
field (SOMF) method [67-69]. The COSMO model is
used for dielectric modelling of the environment. Water
solvent is used for environmental effects. Zeroth-order
regular approximation (ZORA) is taken into account to

(b)

Figure 3. The orbital plots of spin—spin dipolar coupling
(DS) for Mn(II) ion with d5 configuration doped in DAMZ
single crystal visualized with UCSF Chimera molecular
visualization software. (a) a-spin (up-spin) and (b) B-spin
(down-spin).

Pramana — J. Phys. (2017) 89:88

consider relativistic effects. The SOC calculation is per-
formed by both coupled-perturbed (CP) and Pederson—
Khanna (PK) methods which utilize the single deter-
minant wave function consisting of unrestricted natural
orbitals (UNO) for spin—spin dipolar coupling. Both
these methods are incorporated in ORCA software
package.

4.2 Results and discussion

The principal values of the D-Tensor evaluated from
non-hybrid functional BP and hybrid functional B3LYP
are reported in table 2. The computation based on non-
hybrid functional is in agreement with the experimental
results. From table 2, it is clear that the evaluation based
on the unrestricted Kohn—Sham orbitals with Pederson—
Khanna (PK) as the unperturbed wave function is
observed to be the most suitable in the computational
calculation of spin—orbit tensor (DS°) of the axial ZFS
parameter D for non-hybrid functional BP. The compu-
tation results also reveal that spin—spin coupling contri-
bution to the D tensor (DSS) is non-zero and should be
taken into consideration [70-72]. In view of the results

(b)

Figure 4. The orbital plot of ZFS parameter D™ consti-
tuting the spin—orbit and spin—spin coupling for Mn(II) ion
with d5 configuration doped in DAMZ single crystal visual-
ized with UCSF Chimera molecular visualization software.
(a) a-spin (up-spin) and (b) B-spin (down-spin).

Table 2. Calculated principal values of D (cm™!) for the doped DAMZ single crystal
obtained using hybrid and non-hybrid functionals.

Non-hybrid functional Hybrid functional
BP B3LYP
cm™! CP+UNO PK+4+UNO CP+UNO PK+4UNO Experimental [55]
DSO x 1074 833.58 626.66 1447.56 1329.33
DSS x 10~* —389.24 —349.24 —786.33  —689.34
pToal » 1074 —694.88 —584.33 —1339.56 —1256.77 571
E/D 0.0589 0.177 0.023 0.149 0.210
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from table 2 for the dopant Mn(Il) ion in the present
host DAMZ we rely on non-hybrid functional BP. For
all the above calculations from DFT, the rhombic ZFS
parameter E is found to be significant in comparison
to D but limited to the convention (E/D < 1/3). This
shows the high axial symmetry of the dopant ion about
the nearest-neighbour oxygen atoms. The computed val-
ues of gyy (2.0018), gy, (2.0014) and g, (2.0039) are
different confirming the existence of axial and rhom-
bic distortions in the local site symmetry of the Mn(II)
ion. The SOC is mainly due to four factors: (i) exci-
tation of a singly occupied molecular orbital (SOMO)
to a virtual molecular orbital (VMO) which leads to the
same spin-up state (o) of the electron (o — ), (ii) excita-
tion from a doubly occupied molecular orbital (DOMO)
to a singly occupied molecular orbital (SOMO) with the
same spin-down state (8) of the electron (8 — f), (iii)

MO energy levels
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within the same SOMO the spin-flip excitation is rep-
resented by @« — B, (iv) the spin-flip transition from a
VMO to SOMOis givenby 8 — « [71]. The magnitude
of « — B transition is found to be maximum for axial
ZFS parameter D and rthombic ZFS parameter E. The
magnitude of 8 — « transition and ¢ — « transition is
minimum for axial and rhombic ZFS parameter D and E
respectively. The results seems to validate the argument
that maximum valence d — d transitions are attributed
to o — B excitation because the dopant Mn(II) ion has
electronic configuration d5 and therefore all valence 3d
orbitals are occupied by «-spin in the high-spin spin-
sextet state. The orbital plots of high spin d states for
Mn(I) dopant in the host DAMZ single crystal with
spin—spin dipolar coupling and the total perturbation
due to spin—orbit and spin—spin coupling are reported
in figure 3 and figure 4 respectively [72]. The molecular

2,300 - 2,300
;:igz: : iigg = gl;ihaMN(IDOS
2,000- - 2,000 —
1,900 1,900
1,800 - 1,800
1,700 - 1,700
1,600 1,600
1,500- 1,500
1,400 - 1,400
1,300 - 1,300
1,200 - 1,200
1,100 1,100
1,000 1,000
900 - 900
8001 - 800
700 - 700
600 - 600
500 - 500
400 L 400
200 T 200
100 @ ! @ - 100
o] (81a )] e [ 18BU)] |
-100*3 — I — | -100
300 L 300
400 L 400
500 l - 500

Figure 5. The molecular orbital energy level diagram for the dopant ion in the host DAMZ for the non-hybrid functional BP.
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orbital (MO) energy level diagram for the dopant Mn(II)
ion in the host DAMZ for the BP non-hybrid functional
is presented in figure 5. In the given block diagrams the
up arrows represent the upward electron spin and the
down arrows signify the downward electron spin. The
O mark shows the occupied orbital and U mark shows
the unoccupied orbital. The symbols A and B are for
alpha and beta energy respectively.

5. Coefficient of fractional parentage

The coefficient of fractional parentage is a quantum
mechanical tool to obtain antisymmetric many-body
states for similar types of particles. The ZFS parameters
are evaluated using coefficient of fractional parentage
[73]. The Hamiltonian for the d5 ion configuration in
octahedral symmetry is expressed as

H = HO + HCF + Hso, (5)

where Hj denotes the electrostatic interaction, Hgg iS
the spin-orbit coupling interaction and Hcr is the crystal
field potential. The crystal field for tetragonal symme-
try in terms of Wybourne notation is as follows [74]:

Hcr = Bzocéz) + B40Cé4) + Bys (Cf) + C(_‘Q)- (6)

Since the interaction between the ligand field and tran-
sition metal ions is weak in the crystal, the basis of
states in the LS coupling scheme can be stated as
[75]

lY) = |d"aSMsLMy),

where « is an extra quantum number and d = [ =
2 in accordance with the spectroscopic notation in
atomic theory. Hence the matrix elements due to crys-
tal field interaction operations are evaluated as follows:

(W Herly') =D Big(WICP 1) (7

and

WICP) = (—DEM (fM : ;)
x(BICHI1B") 855 8msmy - (8)

where

B=d"aLS

and

(BICk 18"y = (dlckayBIUXIB) ©9)

where

kil o nd dkd _
@|c| ay= (- (2d+1)(000>, d=2. (10
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The reduced matrix elements for the unit tensor oper-
ator |UX | are calculated in Appendix II.

(V| HsolY') = & x (—1)S+L_M5—ML
x (d"aLS| V! |d"o'L'S")
<[+ D+ DNV ()
q

o« S 19
—Ms g Mg

o« L 1 L
-M —q M

where 2 x 3 denotes the 3-j symbol and the reduced
matrix elements ||V 1| are calculated explicitly accord-
ing to the formula given in Appendix II [76-79].

an

6. Conclusion

The theoretical evaluations of axial ZFS parameter
agree reasonably well with the empirical results. Since
8xx # &yy # &z, the system exhibits axial symme-
try with rhombic distortion. The computation of axial
and rhombic ZFS parameters D and E is reported
for the non-hybrid functional BP and the hybrid func-
tional B3LYP. The non-hybrid functional BP with the
basis set def2-TZVP used in conjunction with auxil-
iary basis set def2-TZVP/J for Mn(II)-doped complexes
provides reasonable estimation of ZFS parameters. The
phenomenological crystal field parameters have been
determined using superposition principle. The coeffi-
cient of fractional parentage with the principal parent
6S has been employed to verify the dopant’s position
in the base compound. Based on the theoretical obser-
vations it is reported that Mn(II) occupy interstitial
sites.
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Appendix I

Bao = A2(Ro) |:
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(Ro/R1)2(3cos? 6 — 1) + (Ro/R))2(3 cos2 o, — 1)
+(R0/R2)12 3 cos? 6 —1)+ (RO/R/Z)tz 3 cos2 % —1 s

2By = V6A>(Ry) (Ro/R1)"™ sinz. 921 cos(2¢1) + (Ro/R))"™ sinz. 92{ cos(2¢}) ’
+ (Ro/R2)™ sin” 6 cos(2¢2) + (Ro/R))™ sin” 6] cos(2¢5)

(Ro/R1)™ (35 cos* 6; — 30 cos? 61 + 3)
+ (Ro/R})™(35cos* 6] — 30cos? 0] + 3)
+ (Rg/R>)"*(35cos* 0, —30cos2 6, +3) |’

Bag = As(Ro)

+ (Ro/R5)*(35 cos* 0] — 30 cos? 05 + 3)

(Ro/R1)™ sin? 0(7 cos? 6 — 1) cos(2¢1)

By = /10A4(Ro)

+ (Ro/R})™ sin? 6] (7 cos? 6 — 1) cos(2¢})
+ (Ro/R2)™ sin® 65(7 cos? 6, — 1) cos(2¢,)

+ (Ro/Ry)"™ sin? 0}(7 cos? 05 — 1) cos(2¢})

(Ro/R1)™ sin* 0y cos(4¢1)
+ (Ro/R})™ sin* 0] cos(4¢)
(Ro/ R>)™ sin* 0> cos(4¢»)
+ (Ro/ Ry)"™ sin* 0 cos(4¢})

2B44 = /70A4(Ro)

Appendix II

The reduced matrix elements for the orbital tensor unit
operators and the double tensor operators are eval-
uated using coefficient of fractional parentage (/”,
aSLA{|i"ta'S'L)
("o LS||UX|II"a’L'S")
=n[QL+ D@L+ D] 85
4 l l k
L+L" 44k
X Z (_) (L/ L Ll/)
a//S//L//
< (", aSL{|I"'a"S"L")
x <ln’ O/S/L, {|ln—1a//S//L//>
(rraLs| v ra'Ls)

=n[QL+1D@2S+ DI [@L + S + D]

x\/3/72 Z (_)L+L“+l+k+S+S/+3/2

a//L//S//

s S 1 I 1k
“N12128 )\ Lr

% <l”,aSL {\l”‘la”S”L”>
% (ln’ a/S/L/ {|ln_10l”S”LN>.
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