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An effective operator of the interaction of the orbital moment of d-electrons with the magnetic
field is derived by combining the method of secondary quantization with the technique of irre-
ducible tensor operators. It is found that in addition to renormalization of the matrix elements
of the total orbital momentum L there are new terms in the Hamiltonian of the interaction
with the magnetic field. The effects are numerically calculated by the example of the ground
term of Fe?t ions in Fe;MoyOg. Additional magnetic dipole transitions with AM = 43 and
AM = +2 are allowed when the magnetic field is directed along the c-axis of the crystal and in
the perpendicular orientation, respectively.

PACS: 71.70.Ch, 75.10.Dg, 76.30.Fc, 71.70.Ej.

Keywords: paramagnetic centers, orbital moment, covalency effects

1. Introduction

A number of works have been devoted to the study of the effect of exchange-covalent bonds on
the orbital moment of d electrons. In magnetic resonance, the effect is detected by the change in
the magnetic moment. The method of molecular orbitals [1] is usually used in the interpretation
of experimental data. The effect of these bonds is reduced to the reduction of matrix elements
from the interaction operator of the orbital momentum with the external magnetic field, or,
in other words, to the change in the components of the g-tensor for the ground state of the
paramagnetic ion. lons with orbitally nondegenerate states are usually chosen as objects of
study.

In this work, the expressions for renormalization of the orbital momentum operator are de-
rived. These expressions are applicable for arbitrary states of magnetic ions and require no
preliminary determination of molecular orbitals. The problem is solved by the method of su-
perposition of configurations. The fragment of a structure consisting of a magnetic ion and
nearest diamagnetic ions (ligands) 3d"™L(2p°2s?) is considered as the ground configuration. Ex-
cited states, in which electrons from the outer shells of ligands are transferred to the unfilled
d shell, form configurations with charge transfer 3d"*'L(2p°), 3d"*1L(2p%2s'). The effect of
overlapping electronic orbitals of the magnetic ion and ligands within the ground configuration
taken into account is the same as in the generalized Heitler-London method [2] and is qualified
as exchange. The effect of the admixture of states with charge transfer to the states of the
ground configuration, the same as in the method of molecular orbitals, is called the covalency
effect. Keeping in mind both exchange and the covalency effects, one may talk about the effect
of exchange-covalent bonds of the orbital moment of paramagnetic centers.
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2. Derivation of the effective operator

In the secondary quantization approach developed in [2—4], an arbitrary one-particle operator
for a metal-ligand pair taking into account virtual electron transfer processes is written as

Fesr = %Z aiian/ {<77‘f|77/> - 2<77‘f|/0>)‘pn’ + )‘nrc(”’f’m/\pn’ + (nlf1€) [SﬁpSpn’ - 'Yﬁp')’pn’]}
+h.c.

(1)

where the sets of quantum numbers 7, £ refer to the 3d electron, and the sets of the quantum
number p refer to the 2p and 2s electrons of oxygen, S, are overlap integrals, v,, are covalency
parameters that take into account virtual transfer processes of 2p and 2s electrons from oxygen
to the 3d shell of the magnetic ion.

In this work we consider the following operator f

f=psLH=pp Y (-1)11) B, (2)

where l(gl) and H(_lq) denote spherical components of the orbital momentum operator and the
external magnetic field, respectively. Since the operator f is independent of spin variables, we
replace pairs of secondary quantization operators in Eq.(1) by combinations of components of
irreducible tensor operators [5]:

%%:Z%HWM%ZkZJW- 3)

-m m
k,q q

(k)

The reduced matrix elements of one-electron operators u; ’ are assumed to be unity, i.e.,

wM|m><4vm<lk w- (4)

-m q m

Substituting Eq.(3) into Eq.(1), we obtain
Ik 1
ﬁﬂmZ %%1mwwwm<ym<_ ,ymmﬂ (5)

Here we introduce the notation

(m|[IM]egrmy = (mfID ") — (Ml ) Apmr — Aanp(PIED 1Y + N (K11 [0) At "
1 1 6
+§<m|lc(11)‘§> [Sﬁpspm’ - ’ch')’pm’] + i[SmpSpé - 'an'YpE] <§|lél)|m/).

The matrix elements in Eq.(6) are most easily calculated when the local coordinate axes on
the metal ion and on the ligand are chosen to be parallel. The z-axes are directed along the
metal-ligand pair from the metal ion to the ligand. The nonzero matrix elements in the basis of
d-electron states are given in Table 1.

Contributions to matrix elements due to overlap and covalency effects from operators lg) =
—%(lr +ily), l(()l) =1, l(_lf = %(lw —ily) are denoted by letters k12, ko1, and k12 using row and
column subscripts:

1 1
ko1 = —5()\3 F A2+ AD) + —=(AoAr + ArRpsAs), k1o = —ér» ki = =A% (7)

V3
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Table 1. Matrix elements <m|[lél)]eff\m’ ) in the basis of d-electron states

m/m/ 2 1 0 -1 -2
2 —V2(1 + ki2)
1 V2(1 + ki2) 1+ kiy —V3(1 + ko1)
0 V3(1 4+ kot) 0 —V/3(1 + kor)
-1 V3(1 4+ ko1) —1 -k —V2(1 + k12)
—2 V2(1 + ki2) —2

In Eqs.(7), standard notations are used for the overlap integrals [1]:
Se = (3d0|2p0), S = (3d1|2pl) = (3d — 1|2p — 1), Ss = (3d0|2ps). (8)

Similar notations are adopted for the covalence parameters v,, vr, and 7s. The integral on the

R o .0

is similar to that in the method of molecular orbitals, R is the metal-ligand distance. The value
R,s we calculated at R = 2 A on the wave functions of O>~ from Tables [6] is —1.425, which is
somewhat less than the value —1.6 obtained in [7] for the Ni®*t-F~ pair, which is explained by a

ligand wave functions:

more diffuse distribution of the electron density of the 2p and 2s electrons near the O?~ nucleus.

To derive the energy operator for the interaction of the d-ion surrounded by several ligands
with a magnetic field, we first use the formula:

_ 1 k£ p (»)
HY UMW =3 (1) 2p 1 1) (_q . 0) {aOu®l ", (10)

k,q

Substituting Eq. (10) into Eq. (5), we obtain the energy operator

~ _ 1 k (p)
Fg = MBZl(k)(—l)l k /7(2]3+ 1) (_q . g) {H(l)U(k)} 7 (11)
p.q

0

where

I (By) = 37 (2 + 1)) ml 1Ll (1) (_Zm ) ;) (12)

The subscript b is introduced to denote the position of the ligand, which is separated from the
metal ion by a distance Ry. If we consider [ = 2, k can be 1 and 3.

Using Eq. (12), one gets the following expressions for internal parameters for a selected metal-
ligand pair

- 6 ~ 6
1 (Ry) = [V (Ry) = \[ (54 3koy + 2k1a),  LV(Ry) = \/;(5 k),

|

21 ’ <13)
(3 (Ry) = 1®)(Ry) =2 E(’fm —ki2), 15 (Ry) = —4\/;&1.

In the right-hand side of Eq. (11), we note invariant combinations of ki2, ko1, and kj; with
respect to rotations around the axis of the metal-ligand pair

l(lk)p(Rb) _ Ziék)(_l)l—k (2p+1) <_1q I; g) . (14)
q
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In our case, these combinations are written as

2 2
(000 — /90 — \/;(kn + 4k + 6kgp), (D2 = %(kn — 2k12 — 3ko1),

2.6 4
1(13)2 kip — 2kyo + 2k A S
\/5 ( 11 12 01) \/E

The equation (11) at p = 0 describes the interaction of the isotropic (spherically symmetric)

(15)
(*2](311 — 3]{112 + 3k01).

part of the orbital momentum with the magnetic field. It can be seen from Egs. (13) and (15)
that the exchange-covalent bonding with the ligand is determined by the terms containing ki1,
]{112, and ](2()1.

The isotropic part of the change in the spherical components of the orbital moment is equal to

(1)

the sum over the surrounding ligands and is proportional to Lq ’ of the proportionality coefficient

given by
1
§ = Z(kn + 4kyo + 6koy). (16)

15
Here, the summation index b refers to the surrounding ligands. The total energy operator of the
complex containing the magnetic ion and surrounding ligands is

(p)
Fup = ppLH(1+6) + g Y 1097(8) {HOUP L 7 (1) C8) (0400), (17)
b,p#£0,t

where C(_pt) (Jppp) are components of the spherical tensor fixing the direction of metal-ligand
pairs with respect to the crystallographic coordinate system. Equation (17) is directly used in
the basis of many-electron wave functions |d"SLMgM). The construction of molecular orbitals
is not required. In Eq. (17), a simple summation over the positions of the surrounding ligands
is carried out, the same as in the crystal field theory. The symmetry of the position of the
magnetic ion can be arbitrary.

We note that during calculations of matrix elements of the interaction operator of the orbital
momentum with the magnetic field, it is convenient to rewrite it in the form

(p)
Fog = ppLH(1 +6) + pg Y Lglk)p{ (1)U(’“)} (18)
b,p#£0,t t
where the quantities
L Zz U0 (Ry) (~1)'CY) (D) (19)

are characteristics of the complex (a paramagnetic ion+ligands). The sum 1 + k£ + p can only
be even, as it should be for the Hermite conjugate operator. In the case of d electrons, k takes
the values of 1 and 3. The quantities Lglk)p at p = 2 and 4 correspond to the anisotropic terms
of the effective orbital momentum. They have not been discussed earlier in the literature.

3. Numerical estimates for Fe;Mo3;0g5 and discussion of results

The compound FeasMo3Os is a magnetoelectric with a record high electric polarization [8,9]. Iron
Fe?* ions occupy tetrahedral and octahedral positions in equal proportions, which are usually
denoted by the letters A and B, respectively [10]. Both positions have trigonal distortions. The
point group symmetry is Cs. The subscript ¢ in Eq. (19) takes the values 0 and £3. For the
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M.V. Eremin
choice of coordinate systems as explained in Tables 2 and 3, the imaginary parts of the L§13)4

and L(_lg3 M Values are zero. Thus, we have the following set of quantities for both positions:

L2 = YR W), LGP = 31O (R)CE ().
b b

(20)
Lg = 310N R Wnpr), LS = = 3T 10 (R)CE (D).
b b

Table 2. Coordinates of nearest oxygens (in A) near Fe(A) positions in the Cartesian coordinate sys-

tem [11,12].
Nearest neighbors | X(O-Fe) | Y(O-Fe) | Z(O-Fe) | R(Fe-0O)
01 —1.7872 0 —0.9068 | 2.0041
02 0.8936 1.5478 | —0.9068 | 2.0041
03 0.8936 | —1.5478 | —0.9068 | 2.0041
04 0 0 1.9456 1.9456

Table 3. Coordinates of nearest oxygens around Fe(B) (in A)

Nearest neighbors | X(O-Fe) | Y(O-Fe) | Z(O-Fe) | R(Fe-O)
0O1 1.3398 | —0.7735 | —1.5056 | 2.1588
02 0 1.5471 | —1.5056 | 2.1588
03 —1.3398 | —0.7735 | —1.5056 | 2.1588
04 —1.4452 | 0.8344 1.2238 2.0694
05 0 —1.6688 | 1.2238 2.0694
06 1.4452 0.8344 1.2238 2.0694

Table 4. Overlap integrals S and covalency parameters v and ko1, k12, k11 for FeaMozOg

R (in A) | 1.9456 | 2.0041 | 2.0694 | 2.1588
Y3d0,2p0 —024 | —023 | —021 | —0.19
Y3d1,2p1 0.23 0.18 0.16 0.14
Y3d0,2s ~0.03 | —0.03 | —0.02 | —0.02
Ssa0.2p0 | —0.0721 | —0.0679 | —0.0633 | —0.0573
Ssaropr | 0.0576 | 0.0522 | 0.0470 | 0.0408
Ssdo2s | —0.0770 | —0.0697 | —0.0622 | —0.0534
kot —0.162 | —0.140 | —0.100 | —0.080
k1o —0.043 | —0.036 | —0.029 | —0.022
k11 —0.007 | —0.006 | —0.004 | —0.003

The Hartree-Fock wave functions Fe?* (3d) and O%~ (2p, 2s) were taken from [6]. To estimate
v at R = 1.988A, we used their values determined for Ni-O and Cr-O pairs in oxides by
magnetic resonance methods [13,14], and their variation as a function of R was calculated under
the assumption that v(R) ~ S(R).
Gaussian-type decompositions of radial wave functions on orbitals (GTO) were used. These
decompositions are given in Ref. [15]. We note that Eq. (17) can be rewritten as follows:

To calculate the overlap integrals as functions of R, the

Magnetic Resonance in Solids. Electronic Journal. 2024, Vol. 26, No 1, 24101 (8 pp.) 5
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Table 5. Calculated parameters Lfﬂ“p for sites Fe(A) and Fe(B)

site L(()11)2 L(()13)2 L(()13)4 L§13)4

A 0.256 | —0.265 | —0.194 | —0.544
B 0.196 | —0.204 | 0.576 0.599

Fep = ppLH(1 +8) + pp Y (171", (21)
k,p#0,q
where
1k
T(kp)L _ 9 1 _{)l-k+q p L(lk)pU(Ik)‘ 99
q <p+>§<> PR R2 o (22)

In this form, Eq. (21) may be conveniently compared with Eq. (2). It is a generalization of
Eq. (2) to take into account exchange-covalent effects in paramagnetic centers. For both types
of fragments, tetrahedral (FeO,) and octahedral (FeOg) ones, the operator (21) of the effective
magnetic field interaction is written as in up:

Fog = LH(1+9)

(11) 1 (13)2 (13)4 3 13)4 13
_{\@ 2y | \f ) \[ o [<>U<)+L(>U(3 ]}H
+\fL<n>2 (000 + uRY) + \/5L<13>2+ [3 s
6 0 —-1-"1 7 0 14 0

3
/5 (£8 o EY + LU EY).

(23)

o® O 4 y® Q)
(v + v

It can be seen from Eq. (23) that when the external field is directed along the c-axis of the crystal,
matrix elements with the selection rule AM = +£3 appear, and in the case, when the magnetic
field is perpendicular to the c-axis, additional transitions with AM = £2 are implemented. The
matrix elements we calculated according to Eq. (23) are given in Tables 6 and 7. Tables 6 and

Table 6. Calculated matrix elements at p # 0 and ¢ > 0 for Fe(A) (in ug), 6 = —0.27.

m/m/ 2 1 0 -1 -2

2 —0.080H. | 0.021HY) | —0.126H" | 0.073H, 0

1 —0.032H, | —0.072H") 0 0.073H.
0 0 —0.0720") | 0.126 "
-1 0.032H, | 0.021H")
—2 0.080H,

7 show that the order of magnitude of the change in the orbital moment is the same as that in
the method of molecular orbitals. It can also be seen that the effect of exchange-covalent bonds
is not reduced to simple renormalization of the matrix elements of the orbital moment. There
are additional matrix elements with selection rules AM = +2 and AM = £3. Moreover, these
new matrix elements are on the same order of magnitude as those that are usually taken into
account by the orbital momentum reduction.

6 Magnetic Resonance in Solids. Electronic Journal. 2024, Vol. 26, No 1, 24101 (8 pp.)



Table 7. Calculated matrix elements at p # 0 and ¢ > 0 for Fe(B) (in ug), 6 = —0.26.

M.V. Eremin

m/m 2 1 0 -1 —2

2 —0.126H, | —0.053H") | 0.139H" | —0.080H, 0

1 0.107H. | 0.001H") 0 —0.080H,
0 0 0.001HY | —0.139H"
~1 —0.107H. | —0.053H"
—2 0.126H,

4. Concluding remarks

Operators (17) and (21) are applicable for arbitrary symmetries of paramagnetic complexes and
allow the description of the effects of exchange-covalent coupling with ligands of many-electron
ions without construction of Slater determinants from molecular orbitals. It is found that in
addition to renormalization of the matrix elements of the total orbital momentum L, there are
new terms in the Hamiltonian of the interaction with the magnetic field, which have not been
discussed in the literature. These new terms have other selection rules of matrix elements. They
make the magnetic-dipole transitions with selection rules AM = 4+2 and AM = +3 possible. In
paramagnetic centers without inverse symmetry such transitions may be important in the study
of the effects caused by interference of magnetic and induced electric dipole transitions. Such
interference underlies the phenomena of irreversibility in the light passing through the plates
and is of interest for applications, such as calculations of the efficiency of optical diodes. We
note that the expressions we obtained are also applicable to compounds with unfilled 5d and
6d shells. Exchange-covalent bonds of 5d and 6d electrons with their surrounding ligands are
expected to be especially strong.
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