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Abstract. To reveal the physical origin of the giant magneto-optical enhancement of Ni2+ ions in barium
ferrite, quantitative calculations of the contributions of both the intra-ionic electric dipole transition be-
tween the 3d8 and 3d74p configurations of the Ni2+ ions and the intra-ionic electric dipole d→ d transition
induced by odd-parity crystal field terms are presented. It is deduced that the 3d8 → 3d74p transition is
important in the origin of the considered magneto-optical enhancement. The most important factor is the
Ni-Fe superexchange interaction; since it is strong enough, the Faraday rotation produced by the Ni2+

ions is large though the energy difference between the 3d8 and 3d74p configurations is large. It is demon-
strated that though the intra-ionic electric dipole d → d transition does produce Faraday rotation peaks
in the visible range, their magnitude is too small to explain the observed Faraday rotation. The effect of
the spin-orbit interaction on the Faraday rotation is analysed. The spin-orbit interaction of the ground
configuration plays a very important role in the occurrence of Faraday effects, but the Faraday rotation
does not increase linearly with the strength of the spin-orbit coupling. On the contrary, the spin-orbit
interaction of the excited configuration has almost no effect on the Faraday rotation. It is shown that the
mixing of the different multiplets of the ground term induced by the crystal field has a great influence on
the magneto-optical properties.

PACS. 78.20.Ls Magnetooptical effects – 75.50.Gg Ferrimagnetics

1 Introduction

Following a long period of development, first genera-
tion optical data storage systems using erasable magneto-
optical (MO) materials based on the rare-earth transition-
metal alloys are now available. These materials used in
the visible range have been tailored with respect to their
MO and magnetic properties. However, some properties of
these materials are still less than satisfactory. With new
techniques developed to prepare garnets and ferrite thin
films [1–4], magnetic oxides again become potential can-
didates for the MO recording material. While oxide thin
films are able to overcome some of the major deficien-
cies of the rare-earth transition-metal alloy films, some
properties of these materials, e.g., the uniaxial anisotropy,
the coercivity, the grain size, and the high crystalliza-
tion temperature, require further improvement for the MO
recording application. The barium ferrite has a marked
uniaxial anisotropy and good squareness of the in-plane
hysteresis loop but the MO response remains quite poor.
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It is known that the MO effects in ferrites may be sub-
stantially enhanced by ion substitution. In barium ferrite,
substitution using Co2+ ions has already been the sub-
ject of many reports [5–8]. Recently, it was found that
Ni substitution in barium ferrites enhances strongly the
Kerr and Faraday rotations [9,10]. Gomi et al. reported
that the enhancement factor of specific Faraday rotation
at 496 nm wavelength (2.5 eV photon energy) is as large
as 20 000 degr cm−1/x for Ba1−xMxFe12−xNixO19 films
prepared by sputtering, where M is La or Pr which is sub-
stituted for Ba2+ ions for charge compensation and has
no contribution to the Faraday rotation [9]. Consequently,
Ni-substituted barium ferrite becomes a potential candi-
date for the MO recording material.

Theoretical investigations that support the effort to
achieve high quality MO recording material based on the
magnetic oxides of 3d elements are, however, scarce. To
our knowledge, only some qualitative explanations for the
origin of the MO enhancement of Co substitution in fer-
rites have been given [11–13]. The following two mod-
els have been suggested: the intra-ionic d → d electric
dipole transitions and the charge-transfer transitions. It is
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well-known that the pure d → d electric dipole transi-
tions are forbidden by the Laporte’s rule. However, the
Co2+ ions in some ferrites occupy crystal sites which have
no center of symmetry. Then the odd-parity crystal field
(CF) potential terms mix the 4p orbitals of the Co2+ ions
with the 3d orbitals in the same ion, and consequently the
crystal-field split 3d levels contain small 4p components.
In general, the 4p components contained in the low-lying
crystal-field split 3d levels are very small, while those in
the higher-lying 3d levels may be not negligible and lead
to the so called intra-ionic d → d electric-dipole transi-
tion probability [11–13]. Furthermore, in the case of tran-
sition metal complexes the selection rules are relaxed by
vibronic interaction [13]. This also leads to d→ d electric-
dipole transitions. About the charge-transfer transition,
we note that because of the covalent and superposition
effects the excited states of the Co ion may be hybridized
with ligands’ states and, as a result, bonding and anti-
bonding levels are created. The relative weights of the Co
states and ligands’ states in the bonding levels are dif-
ferent from those in the antibonding levels. Therefore the
electric dipole transitions between the bonding and anti-
bonding levels involve charge transfer between the Co ions
and their ligands.

Before our work, for the 3d ions, the possibility of in-
ducing large MO effects by the intra-ionic 3dn → 3dn−14p
electric dipole transitions has never been considered. We
have shown theoretically that the intra-ionic 4fn →
4fn−15d electric dipole transition is the main origin of
the giant MO enhancement of rare earth ions in some
compounds [14–16]. Since the energy difference between
the 3dn and 3dn−14p configurations in the 3d ions is much
larger than that between the 4fn and 4fn−15d config-
urations in the rare earth ions, for 3d ions, the factor
ω2/(ω2

ng − ω2) (see Eq. (4)) is small in the visible and
infrared bands. So, after a first consideration it seems
that the intra-ionic 3d8 → 3d74p electric dipole transitions
cannot produce a large Faraday effect. To conciliate this
conclusion with the experimental data given above, the
spontaneous Faraday rotation caused by the intra-ionic
3dn → 3dn−14p electric dipole transitions in the Ni2+ ions
in the barium ferrite is calculated and the results are com-
pared with the observed data (Sect. 2). According to the
high value of the Neel temperature, the superexchange in-
teraction acting on the Ni2+ ions in the barium ferrite is
much larger than that on the rare-earth ions in iron gar-
nets and it will be shown that the large superexchange in-
teraction leads to a very large Faraday rotation in the Ni-
substituted barium ferrite though, for the Ni2+ ions, the
frequency factor ω2/(ω2

ng − ω
2) is small. Because there is

still no quantitative analysis of the Faraday rotation pro-
duced by the d→ d electric dipole transitions, the contri-
bution of the intra-ionic dipole d → d transitions of the
Ni2+ ions at the barium ferrite induced by the odd-parity
crystal field to the Faraday rotation is studied quantita-
tively in Section 3. The role of the spin-orbit interaction
in the MO phenomena is a very interesting problem, it is
analysed in Section 4. Finally, the conclusions to be drawn
from this work are given in Section 5.

2 Intra-ionic 3d→ 4p electric dipole
transition

At a macroscopic scale, the propagation of electromag-
netic waves is described by the electric and magnetic per-
meabilities ε and µ. For a crystal with at least threefold
symmetry to the z axis and a magnetization parallel to
this axis, the dielectric tensor has the form

ε =

 εxx εxy 0

−εxy εxx 0

0 0 εzz

 (1)

all elements of which are complex and can be expressed as

εi = ε′i + jε′′i . (2)

The diagonal element εxx is related to the normal refrac-
tive index n and the normal extinction coefficient k. The
off-diagonal element εxy is related to the differences of the
refractive indices n± and of the extinction coefficients k±
of right and left circularly polarized light [17].

When the optical absorption is weak, the specific Fara-
day rotation caused by the electric dipole transitions is
known to be given by [17,18]

θF =
1

9
(n̄2 + 2)2 π

λn̄
ε′′xy, (3)

here the Lorentz-Lorenz correction factor has been in-
cluded. n̄ is the average refractive index, for barium ferrite,
n̄ ≈ 2.8 [19] in the visible range, λ is the wavelength of
the light wave in vacuum.

By inserting the quantum-mechanical expressions for
the electric susceptibility into equation (3), we obtain

θF =
Nπ(n̄2 + 2)2e2

9cn̄~
8π

3
(〈r〉3d4p)

2

×
∑
ng

Bng
ω2(ω2

ng − ω
2 − Γ 2

ng)

(ω2
ng − ω

2 − Γ 2
ng)

2 + 4ω2Γ 2
ng

ρg (4)

for each type of non-equivalent ion present in the material,
where

8π

3
(〈r〉3d4p)

2
Bng = |〈n|V− |g〉|

2 − |〈n|V+ |g〉|
2
. (5)

In equations (4, 5), N is the number of the magnetic
ions per crystal site per unit volume, c the velocity of
the light in vacuum, ω the angular frequency of the light
wave, Γng is the half-width of resonance lines. g runs over
ground states with occupation probability ρg and n runs
over states at energies ~ωng above the ground states. eV±
are the electric dipole moment operators for right- and
left-hand circularly polarized light, respectively, and are
written:

eV± =
∑
i

e(xi ± jyi). (6)
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When the angular frequency ω is far from the resonance
frequencies, i.e. when |ω2

ng − ω2| � Γ 2
ng, the frequency

factor in equation (4) can be reduced to ω2/(ω2
ng − ω

2).
To calculate the contribution of the intra-ionic electric

dipole transitions between the ground and the parity al-
lowed excited configurations to the Faraday rotation, it is
necessary to calculate the splitting of these configurations
under the crystal field and superexchange interaction. In
the case of the Ni2+ ion, the ground and lowest parity
allowed excited configurations are 3d8 and 3d74p config-
urations, respectively. So, |g〉 (|n〉) states in equation (5)
are the split 3d8 (3d74p) states.

The Hamiltonian of a Ni2+ ion in the crystal is

H = H0 +HSO +HC +Hex, (7)

where HSO is the spin-orbit (SO) interaction, H0 + HSO

is the Hamiltonian of a free Ni2+ ion, HC and Hex are the
crystal field (CF) and superexchange interaction Hamil-
tonians, respectively. In this paper, only the spontaneous
Faraday rotation will be studied, so the external magnetic
field has not to be considered. The crystal field Hamilto-
nian can be expressed as

HC =
∑
kq

∑
i

Akqr
kYkq(θi, ϕi), (8)

where Akqr
k are the crystal field parameters, Ykq(θ, ϕ) are

spherical harmonics. According to reference [9], the Ni2+

ions in the Ni-substituted barium ferrite replace the Fe3+

ions, so they may occupy the five crystal sites (2a, 2b, 4f1,
4f2, and 12k). In the calculations, the values of 〈r〉3d4p,
〈r2〉3d, 〈r3〉3d, 〈r4〉3d, 〈r2〉4p of the Ni2+ ions and the crys-
tal field parameters were calculated by the Slater radial
wave function of the free Ni2+ ion and the point charge
model. The non-zero parameters of the even-parity crystal
field acting on the 3d electrons of the 2b site Fe3+ ions are
A20〈r2〉3d = −14 966 cm−1, A40〈r4〉3d = 13 197 cm−1, the
corresponding non-zero parameter for the 4p electrons is
A20〈r2〉4p = −66 386 cm−1. Here the z axis is taken to
be along the c axis of the hexagonal structure of the bar-
ium ferrite crystal. The numbers of the non-zero param-
eters of the even-parity crystal field upon the Fe3+ ions
at other sites are larger. We would like to point out that
in some of our previous papers [20,21], the magnetocrys-
talline anisotropy of the barium ferrite and Zn2W ferrite
has been well-explained theoretically by using the same
method. So, it is a reasonable choice.

In this paper, the mean field approximation is used.
So, the superexchange interaction Hex is expressed as

Hex = 2µBHexch

∑
i

szi = 2µBHexchSz, (9)

where Sz is the z-component of the total spin angular mo-
ment operator, and Hexch is the exchange field. It should
be noted that the exchange field is not identical to the
classical molecular field Hm. When only the lowest multi-
plet is to be considered, the superexchange interaction is
usually expressed as

Hex = µBgJHmJz, (10)

where Jz is the z-component of the total angular mo-
ment operator and gJ is the Lande factor. It is seen that
Hexch/Hm = 〈Lz + 2Sz〉/〈2Sz〉, here 〈Sz〉 indicates the
expectation value of the operator Sz in a state. Guillot
et al. [22] have deduced from the magnetic measurements
that the molecular field acting on the Fe3+ ions in yttrium
iron garnet is about 4000 kOe. For the Fe3+ ions, the or-
bit angular moment of the ground term (5S term) is zero.
Consequently, for the ground term of the Fe3+ ions, the
exchange field is equal to the molecular field. Furthermore,
the Neel temperature of the barium ferrite is higher than
that of the yttrium iron garnet and the characteristics of
the Ni2+ and Fe3+ ions are very close. So the magnitude
of the exchange field acting on the Ni2+ ions in the bar-
ium ferrite is estimated to be 5000 kOe. The above value
is for the exchange field upon the 3d electrons. When we
calculate the diamagnetic Faraday rotation (Sect. 2.2) in
the Ni-substituted barium ferrite, it is necessary to de-
termine the strength of the superexchange interaction on
the excited configuration. To our knowledge, there is no
theoretical or experimental information about the mag-
nitude of the interaction involving the 4p electrons. The
average space expansion of the 4p wave function is larger
than that of the 3d wave function, and the superexchange
interaction of the Fe3+ ions with the 4p electrons of the
Ni2+ ions is larger than that with the 3d electrons of the
Ni2+ ions. So, in our calculation, the exchange field on the
4p electrons has been estimated to be four times stronger
than that on the 3d electrons. Since 3d74p configuration
has seven 3d electrons and only one 4p electron, the influ-
ence of the correctness of this estimation on the calculated
results is small.

2.1 “Paramagnetic type” Faraday rotation

The ground configuration of a free Ni2+ ion has a 3F term
as the ground term with another spin triplet term 3P
and other higher-lying spin singlet terms. According to
the book by Moore [23], the energies of the three multi-
plets 3F4, 3F3, 3F2 of the 3F term are 0, 1361, 2270 cm−1,
respectively; those of 3P2, 3P1, 3P0 multiplets are 16 662,
16 978, 17 231 cm−1, respectively. Note that all these val-
ues were determined by optical spectroscopy. The even-
parity-CF and spin-orbit interaction split energy levels
and the corresponding wave functions of these two triplet
terms were obtained by solving the following secular equa-
tion,

|| 〈L, J, Jz|H0 +HSO +HC|L
′, J ′, J ′z〉

−EδLL′δJJ′δJzJ′z || = 0, (11)

the bra and ket included all the states of these two terms.
For the Ni2+ ion at the 2b site, these two terms are split
into 18 levels, among which six levels are singlets, others
are double degenerate. The energies of the lowest twelve
levels, whose main components are 3F states, are shown in
Table 1. It should be noted that in this paper the energy
of the 3F4 multiplet of the ground configuration is always
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Table 1. The energies (in cm−1) of the lowest twelve even-
parity-CF and SO split levels of the ground configuration of
the Ni2+ ion at the 2b site. In this and all other tables the
energy of the multiplet 3F4 of the ground configuration of a
free Ni2+ ion is taken to be zero.

−3456 −2903 −2195 246.8 1341 1561*

1711 2010 2281 2591* 3145 3521*

*The three levels with a star are singlets, others

are double degenerate.

Fig. 1. Energy schema of the lowest 6 even-parity-CF-SO and
superexchange-interaction split 3d8 levels of the Ni2+ ions at
the 2b site; the values of the energy (in cm−1), room temper-
ature occupation probability ρ, and

∑
nBng (its meaning will

be given in Sect. 4) related with the considered levels being
given. In this and all other figures the energy of the multiplet
3F4 of the ground configuration of a free Ni2+ ion is taken to
be zero.

taken to be zero. The lowest three levels are double degen-
erate. From Table 1 it can be seen that the energy gaps
between these three levels and other levels are large. Fur-
thermore, because of the selection rules the lowest level
(−3 456 cm−1) can be mixed only with the fifth level
(1341 cm−1) while the second (third) level can be mixed
only with the eighth and ninth (seventh and eleventh)
levels by the exchange field. Therefore only the first or-
der Zeeman effect of the lowest three levels is important.
The energies and the occupation probabilities at 300 K
of the lowest six even-parity-CF-SO and superexchange-
interaction split levels are given in Figure 1. It should be
noted that the room temperature occupation probability
of the third CF-SO and superexchange-interaction split
level is already less than 1 percent.

However, for the Ni2+ ions at other crystal sites, the
situation is not so simple because the high order perturba-
tion correction of the superexchange interaction can not
be neglected. As a result, the CF-SO and superexchange-
interaction split levels and the corresponding wave func-
tions have then to be obtained by solving the following
secular equation:

|| 〈ϕi |H0 +HSO +HC +Hex|ϕj〉 −Eδij || = 0. (12)

Here the bra and ket include the states of some low-
lying CF and SO split levels; the diagonal matrix elements
〈ϕi|H0 +HSO +HC|ϕi〉 are the energies of these levels.

The 3d74p configuration has many terms. Among them
the terms allowed by the electric dipole transitions from
3d8: 3F term are: 3d7(4F )4p: 3G, 3F , 3D; 3d7(4P )4p: 3D;
3d7(2P )4p: 3D; 3d7(2D1)4p: 3F , 3D; 3d7(2D2)4p: 3F , 3D;
3d7(2F )4p: 3G, 3F , 3D; 3d7(2G)4p: 3G, 3F ; 3d7(2H)4p:
3G. According to reference [23], the lowest three terms
are 3d7(4F )4p: 3G, 3F and 3D. The average energies of
these three terms are 116 328, 117 003 and 119 359 cm−1,
respectively. The energy gaps between these three terms
are less than 3 000 cm−1. So, in calculating the crystal
field splitting of these terms, the mixing of them has to
be considered. The energies of other higher-lying terms
are found to be about 20 000 cm−1 higher than those of
these three terms, but the assignment of the levels remains
doubtful. Therefore, the energies of all these higher-lying
terms are supposed to be 130 000 cm−1 and the CF split-
ting of them is neglected. Since the energy gaps between
these terms are small compared with the energy difference
between them and the 3d8: 3F term, the error due to the
above approximation is small.

The even-parity-CF and SO split energy levels and
the corresponding wave functions of the 3d7(4F )4p:
3G, 3F , 3D terms were also obtained by solving
equation (11). The bra and ket included all states of
these three terms. The values of the diagonal matrix
elements 〈L, J, Jz |H0 +HSO|L, J, Jz〉 were taken from
reference [23]. For the Ni2+ ions at the 2b site, these three
terms are split into 36 levels; most of them are double de-
generate, others are singlets. Their energies are found in
the 96 229 ∼ 130 580 cm−1 range. In this subsection, the
Zeeman effect of the 3d74p configuration induced by the
superexchange interaction is neglected and the paramag-
netic Faraday rotation will be obtained [16].

The calculated room temperature paramagnetic Fara-
day rotation contributed by the Ni2+ ions assuming that
all the Ni2+ ions are at the 2b sites is shown in Table 2, for
various photon energies. The 496 nm wavelength paramag-
netic Faraday rotation is 15 256 degr cm−1/x. The mean-
ing of x has been given at the beginning of Section 1. The
calculated curve of (n̄2 +2)2πε′′xy/(9λn̄) versus photon en-

ergy produced by the Ni2+ ions at the 2b sites is shown
in Figure 2. It should be noted that these results include
the contributions of all the spin triplet terms of the 3d74p
configuration. Since, in our calculation, n̄ is supposed to
be a constant, it is easy to change this curve into a ε′′xy
spectrum. At low energy range, where the absorption is
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Table 2. The paramagnetic, diamagnetic and full Faraday ro-
tation (FR) produced by the Ni2+ in Ba1−xMxFe12−xNixO19

at 300 K (in degr cm−1/x) assuming that all the Ni2+ ions are
distributed over the 2b sites. The full Faraday rotation calcu-
lated without taking the mixing of different multiplets of the
ground term into account is noted as “full FR*”.

photon energy 1 2 2.5 4 6

(eV)

para FR 2399 9692 15 256 40 351 97 220

dia FR 34 141 224 623 1677

full FR 2436 9842 15 496 41 016 99 014

full FR* 1083 4369 6871 18 100 43 112

small, this curve is identical to the paramagnetic Faraday
rotation spectrum.

Now we will try to get more insight into the pro-
cesses responsible for this strong MO enhancement, tak-
ing the Ni2+ ions at the 2b sites as an example. It can
be seen from the occupation probabilities of various levels
reported in Figure 1 that, at and below room tempera-
ture, the Faraday rotation almost fully comes from the
transitions from the lowest two even-parity-CF-SO and
superexchange-interaction split 3d8 states |g1〉 and |g2〉 to
the 3d74p levels. Among the 36 CF-SO split 3d7(4F )4p:
3G, 3F , 3D levels, there are 11 double degenerate lev-
els, to which the electric dipole transitions from |g1〉 and
|g2〉 are permitted by the selection rule. However, only
three levels of them whose energies are 99 027, 99 030, and
120 793 cm−1, respectively, yield large contributions to the
Faraday rotation. The two orthogonal states of the level
located at 99 027 cm−1 are expressed as |n1〉 and |n2〉,
the orthogonal states of other two levels are expressed as
|n3〉 . . . |n6〉 (see Fig. 3a). It can be deduced that the tran-
sitional matrix element Bn1g1 associated with the transi-
tion from |g1〉 state to |n1〉 state has the same magnitude
and is of opposite sign with the transitional matrix el-
ement Bn2g2 associated with the transition from |g2〉 to
|n2〉. It can be deduced easily from the wave functions
that Bn2g1 and Bn1g2 equal zero. Hence, if the degeneracy
of the |g1〉 and |g2〉 states is not lifted by the superex-
change interaction, the electric dipole transitions between
|g1〉 and |g2〉 states and the two orthogonal states |n1〉 and
|n2〉 will have no net contribution to the MO effect. The
above conclusions about the transitional matrix elements
can be extended to other CF and SO split double degener-
ate 3d74p levels. Finally, we arrive at the conclusion that
if there is no Zeeman effect in both the ground and excited
configurations, there will be no MO effect.

But the Zeeman splitting makes the occupation prob-
abilities of the sublevels of one CF and SO split 3d8 level
different (see Fig. 3b). Now we define θF(ng) as the Fara-
day rotation induced by the electric dipole transition from

Fig. 2. The calculated room temperature paramagnetic
(n̄2 + 2)2πε′′xy/(9λn̄) spectrum produced by the Ni2+ ions in
Ba1−xMxFe12−xNixO19 when all of them are distributed over
the 2b sites; (a) below 12 eV photon energy, (b) above 12 eV
photon energy.

any ground configuration state |g〉 to one excited config-
uration state |n〉. Obviously, θF(ng) is given by one term
on the right side of equation (4). We would like to recall
that equations (3, 4) stand only when the optical absorp-
tion is weak. Therefore, at high photon energy, θF(ng)
should be read as 1

9 (n̄2 + 2)2 π
λn̄
ε′′xy. Because of the effect

of the superexchange interaction on the ground configu-
ration, the resonance frequencies of the transition from
|g1〉 to |n1〉 (ωn1g1) and the transition from |g2〉 to |n2〉
(ωn2g2) are now different. But the difference is very small.
In a good approximation, all the factors in the expressions
of the absolute values of the Faraday rotations, |θF(n1g1)|
and |θF(n2g2)|, induced by these two transitions will be
the same except the occupation probability factor (see
Eq. (4)). Hence, at a given wavelength, the difference
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Fig. 3. The split 3d8 and 3d74p levels, which are important in
the producing of the MO effect, and the electric dipole transi-
tions between them. The data on the right side are the energy
values (in cm−1). |g1〉, |g2〉, |n1〉, . . . |n6〉 express the orthogo-
nal states of considered levels. (a) The even-parity-CF-SO-split
3d8 and 3d74p levels. No MO effect exists because there is no
Zeeman splitting. (b) The even-parity-CF-SO split 3d74p lev-
els and the even-parity-CF-SO and superexchange-interaction-
split 3d8 levels, the transitions between them result in the para-
magnetic MO effect. ρ indicates the occupation probabilities
of the considered levels. (c) The lowest even-parity-CF-SO-
split 3d8 level and the even-parity-CF-SO and superexchange-
interaction-split 3d74p levels, the transitions between them give
rise to the diamagnetic MO effect. Please note that |g1〉 and
|g2〉 states have the same energy.

Fig. 4. The calculated room temperature paramagnetic
(n̄2 + 2)2πε′′xy/(9λn̄) spectra contributed by the Ni2+ ions
in Ba1−xMxFe12−xNixO19 assuming that all of them are dis-
tributed over the 2b sites; (−N−) caused by the 3d74p level
with energy 99 027 cm−1 → 3d8 states transitions; (· · ·� · · · )
caused by the 3d74p level with energy 99 030 cm−1 → 3d8

states transitions; (−∇−) caused by the 3d74p level with en-
ergy 120 793 cm−1 → 3d8 states transitions.

between the two occupation probabilities, ρg1 and ρg2 ,
leads to the MO effect, and the variation of the differ-
ence of |θF(n1g1)| and |θF(n2g2)| versus wavelength gives
the 1

9 (n̄2 +2)2 π
λn̄
ε′′xy spectrum. For the Ni2+ ions at the 2b

site, the difference between the occupation probabilities of
the two sublevels of the lowest CF and SO split 3d8 level
is so large (at room temperature it is 0.959) that the Fara-
day rotation induced by the 3dn → dn−14p transitions is
very large even far from the resonance frequencies when
the frequency factor in equation (4) becomes small.

Such a Faraday rotation is usually called a paramag-
netic type of Faraday rotation. It’s magnitude usually de-
pends sensitively on temperature through the occupation
probability factor. The spectra of 1

9 (n̄2 + 2)2 π
λn̄
ε′′xy (see

Eq. (3)) caused by the electric dipole transitions from the
lowest two CF-SO and superexchange-interaction split 3d8

levels to the three CF-SO split 3d74p levels mentioned
above are shown in Figure 4.

2.2 “Diamagnetic type” Faraday rotation

The origin of the so-called diamagnetic type of Faraday
rotation can be interpreted schematically as follows. Sup-
pose: (1) the Zeeman effect of the ground configuration is
neglected; (2) in the excited configuration, either two non-
degenerate CF-SO split states or two states of a double de-
generate CF-SO split level are present. These two states
will be mixed with each other or split by the superex-
change interaction. We use |n1〉 and |n2〉 to express these
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two CF-SO split and superexchange-interaction mixed (or
split) states, and suppose that the lowest CF-SO split
level of the ground configuration is double degenerate
and its two orthogonal states are |g1〉 and |g2〉. Now if
the sum Bn1g1 + Bn1g2 is different from zero, then the
two quantities Bn1g1 + Bn1g2 and Bn2g1 + Bn2g2 will al-
ways have the same magnitude and opposite signs. Be-
cause the two states |g1〉 and |g2〉 have the same energy
value, the resonance frequencies ωn1g1 and ωn1g2 related
to the two transitions |g1〉 → |n1〉 and |g2〉 → |n1〉 are
the same and can be noted as ωn1g. For the same reason,
the resonance frequencies corresponding to the transitions
|g1〉 → |n2〉 and |g2〉 → |n2〉 are the same and are noted
as ωn2g. Whereas, because of the Zeeman effect of the ex-
cited configuration, the energy of the two states |n1〉 and
|n2〉 and then the two resonance frequencies ωn1g and ωn2g

are slightly different. Consequently, the absolute values of
[θF(n1g1) + θF(n1g2)]ρg and [θF(n2g1) + θF(n2g2)]ρg (ρg
is the occupation probability of |g1〉 and |g2〉) have the
same functional relation with the frequency ω except the
small difference between ωn1g and ωn2g; and the variation
of the sum of these two quantities versus the frequency
presents a narrow peak. Sometimes the involved CF-SO
split ground configuration level is nondegenerate, then |g1〉
and |g2〉 mentioned above will indicate the same state and
the same conclusion can be derived.

In the following, we analyse the diamagnetic MO ef-
fect caused by the Ni2+ ions at the 2b sites. We recall
that (Sect. 2.1), for the ground configuration, only the
two states |g1〉 and |g2〉 (see Figs. 1 and 3c) are impor-
tant in producing the Faraday rotation; for the 3d7(4F )4p:
3G, 3F , 3D terms, only eleven double degenerate CF-SO
split levels have contributions to the Faraday rotation. It
can be shown that the mixing of these 11 double degen-
erate CF-SO split 3d74p levels induced by the superex-
change interaction is not negligible, though they can not
be mixed with other CF-SO split 3d74p levels. Hence in
the calculation of the Zeeman splitting, the higher or-
der perturbation correction has to be taken into account.
These 11 levels are split into 22 nondegenerate levels.
Among them, the 7 levels, whose energies are reported in
Figure 3c, have a large contribution to the MO effect. The
electric dipole transitions from the two orthogonal states
|g1〉 and |g2〉 of the lowest double degenerate CF-SO split
3d8 level to these 7 levels are shown in Figure 3c as well.
From Figure 3c, it can be found that these 7 levels can
be divided into two groups, the five levels located just be-
low 100 000 cm−1 compose a group, the other two levels
(119 538 and 121 996 cm−1) compose another one. A de-
tailed calculation has shown that the transitions from |g1〉
and |g2〉 states to the five states of the first group produce
a narrow positive peak around 12.7 eV photon energy in
the 1

9 (n̄2 + 2)2 π
λn̄
ε′′xy spectrum. Similarly, the transitions

from |g1〉 and |g2〉 states to the two states in the second
group result in a narrow negative peak around 15.4 eV.

Other higher-lying terms of the 3d74p configuration
also have contributions to the MO effect. The wave
functions and energies of the superexchange-interaction
split levels of these terms were also obtained by solving

Fig. 5. The calculated room temperature diamagnetic (n̄2 +
2)2πε′′xy/(9λn̄) spectra contributed by the Ni2+ ions in
Ba1−xMxFe12−xNixO19 assuming that all of them are dis-
tributed over the 2b sites. Solid curve is the spectrum obtained
assuming that the spin-orbit interaction in the excited config-
uration is taken to be the actual value. Dotted curve is the
spectrum obtained supposing that the corresponding interac-
tion is absent. In both cases the spin-orbit interaction in the
ground configuration is taken to be the actual value.

equation (12). However, in the calculation, all the multi-
plets of these terms were supposed to have the same energy
value (130 000 cm−1) and the crystal field effect was ne-
glected. These superexchange-interaction split levels lead
to a positive peak around 16.5 eV (133 456 cm−1) photon
energy. The so determined room temperature diamagnetic
1
9 (n̄2 + 2)2 π

λn̄
ε′′xy spectrum is shown in Figure 5. As men-

tioned above, the peak around 16.5 eV is associated with
the higher lying 3d74p terms. The neglection of the en-
ergy differences between the different multiplets of these
terms means that the spin-orbit interaction in these terms
is taken to be zero. Therefore in this figure, the spectrum
above 16.2 eV is shown by a dotted curve. The other peaks
are associated with the 3d7(4F )4p: 3G, 3F , 3D terms. For
these terms, the energies of various multiplets were taken
from reference [23]. This means that the spin-orbit inter-
action in these terms was taken to be the value determined
by optical spectroscopy [23]. So in Figure 5, the spectrum
below 16.2 eV is shown by a solid curve. The meaning of
the dotted curve below 16.2 eV will be given in the last
part of Section 4.

The calculated diamagnetic Faraday rotations below
6 eV photon energy at 300 K are listed in Table 2. Since
the peaks of diamagnetic Faraday rotation are very nar-
row, the diamagnetic Faraday rotation is important only
in the vicinity of the peaks, it being very small in the
visible range. Finally, we would like to recall that in our
calculation the exchange field on the 4p electrons has been
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Table 3. The calculated full Faraday rotation θF

(in degr cm−1/x) at 496 nm (2.5 eV photon energy) and
300 K contributed by the Ni2+ ions in Ba1−xMxFe12−xNixO19

when all of them are distributed over one equivalent crystal
site (for example, when all the Ni2+ ions are at the 2a sites,
θF = 1970 degr cm−1/x).

site 2a 2b 4f1 4f2 12k

θF 1970 15 496 −14 500 −4610 3890

estimated to be four times stronger than that on the 3d
electrons. Such an estimation is somewhat arbitrary. How-
ever, the obtained main features are not sensible to this
value.

2.3 Full Faraday rotation and the influence
of the mixing of different ground term multiplets

As discussed in the preceding two subsections, the para-
magnetic MO effect is produced by the occupation proba-
bility difference caused by the Zeeman effect of the ground
configuration, while the diamagnetic MO effect is pro-
duced by the resonance frequency difference induced by
the Zeeman effect of the excited configuration. When the
Zeeman effect of both the ground and excited configu-
rations is taken into account, the full Faraday rotation
is obtained. The full Faraday rotation (at 300 K) be-
low 6 eV photon energy contributed by the Ni2+ ions
in Ba1−xMxFe12−xNixO19, assuming all of them are dis-
tributed over the 2b sites, are reported in Table 2. It can
be seen that, when far from the MO resonance frequen-
cies, the full Faraday rotation is almost fully determined
by the paramagnetic components.

The full Faraday rotations at 496 nm and 300 K pro-
duced by the Ni2+ ions distributed over other equivalent
crystal sites in Ba1−xMxFe12−xNixO19 (for example, all
the Ni2+ ions are at the 4f1 sites) are also almost deter-
mined by the paramagnetic components and their calcu-
lated values are shown in Table 3. The MO enhancement
factors of the Ni2+ ions at 2b and 4f1 sites are near the
observed values [9]. According to Machida et al. [3] and
Gomi et al. [9], the Faraday rotation induced by a Fe3+

ion in the barium ferrite is much smaller than that by a
Ni2+ ion at the 2b or 4f1 site. Therefore, in explaining the
enhancement by Ni2+ substitution, it has been neglected
to a first-order approximation. It should be noted that,
in our calculation, the values of 〈r〉3d4p, 〈r2〉3d etc. are
obtained with the Slater radial wave function of the free
Ni2+ ions. It is expected that the extension of the radial
wave function of the Ni2+ ion in the crystal will make the
actual enhancement factor larger than that given above.
It is worthwhile to pointing that, as mentioned above, the
Slater radial wave function and the point-charge model
were used to calculate the magneto-crystalline anisotropy
of the barium ferrite [20] and Zn2W ferrite [21]. Although
the calculated results can explain the main observed re-
sults well, the magnitudes of the calculated magneto-
crystalline anisotropy constant K1 are smaller than the

observed ones. This fact also makes us believe that the
actual enhancement factors will be larger than the values
given above. Finally, we can conclude that the intra-ionic
electric dipole transition is an important origin of the large
MO enhancement of the Ni2+ substitution in the barium
ferrite.

In many theoretical works on MO effects (see [18]),
for the ground configuration, only the lowest multiplet is
considered. However, when higher-lying ground term mul-
tiplets are taken into account, the energy schema and the
wave functions of the split levels will be modified. Then the
difference of the occupation probabilities of the low-lying
split ground configuration levels and the values of Bng as-
sociated with these levels are changed. Consequently, the
mixing of different ground term multiplets induced by the
crystal field has a great influence on the Faraday rotation
and has been taken into account in our calculations. The
Ni2+ ion (at the 2b site) contribution to the full Fara-
day rotation (at 300 K) below 6 eV photon energy calcu-
lated without taking such a mixing into account is listed
in Table 2. The data show that such an influence is very
important.

3 Intra-ionic 3d→ 3d electric dipole
transition induced by odd parity crystal field

Because the environment of the 2b site in barium ferrite
has no center of symmetry, we take the Ni2+ ions at the 2b
site as an example to study the contribution of the intra-
ionic d→ d electric dipole transitions induced by the odd
parity crystal field to the Faraday rotation. The non-zero
parameters of the odd parity crystal field acting on the
Ni2+ ions at the 2b site are A3±3〈r3〉 = ∓ 38 363.7 cm−1,
which are also determined by the point charge model and
the Slater radial wave function. The matrix elements of
the odd parity CF induced transitions between the 3d8

ground states (expressed as |3d8
g〉) and 3d8 excited states

(expressed as |3d8
ex〉) can be expressed as

1

E3d74p −E3d8
ex

〈3d8
ex |HCodd

| 3d74p〉〈3d74p |V±| 3d
8
g〉,

(13)

where E3d74p is the energy of an even-parity-CF-SO

split
∣∣3d74p〉 state, E3d8

ex
and E3d8

g
are the energy

of the high-lying and low-lying even-parity-CF-SO and
superexchange-interaction split 3d8 states (|3d8

ex〉, |3d
8
g〉),

respectively.
There are many such high-order processes for the Ni2+

ions and the calculation is very tedious. As mentioned in
Section 2.1, in the 3d74p configuration, the lowest three
spin triplet terms (3d7(4F )4p: 3G, 3F , 3D) are about
20 000 cm−1 lower than other spin triplet terms. So for
simplicity’s sake, in the study of the contribution of the
intra-ionic 3d → 3d electric dipole transitions to the
Faraday rotation, only these three terms of the 3d74p
configuration are considered. We obtained the even- and
odd-parity-CF and SO split levels of the 3d8 and 3d74p
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configurations by solving equation (11). Now the crystal
field Hamiltonian HC included both the even and odd-
parity terms, the bra and ket included all the states of the
spin triplet terms (3F , 3P ) of the 3d8 configuration and
the 3d7(4F )4p: 3G, 3F , 3D terms of the 3d74p configura-
tion.

There are eight nondegenerate and eleven double de-
generate odd- and even-CF and SO split levels whose main
components are 3d8 states. Their energies were found in
the range from −4721 to 17 752 cm−1. Similar to the situa-
tion without taking the odd-parity crystal field terms into
account, for the low-lying states, only the lowest double
degenerate CF-SO split level (−4721 cm−1) yields a great
contribution to the Faraday rotation. This level is split
into two sublevels (located at −5178 and −4264 cm−1) by
the superexchange interaction. There are two higher-lying
double degenerate even- and odd-parity-CF and SO split
levels whose main components are 3d8 states and their en-
ergies are 13 739 and 17 513 cm−1 respectively , the electric
dipole transitions between them and the lowest two 3d8

levels mentioned above have non-negligible contribution
to the Faraday rotation. It can be shown that: (1) the
two levels, whose energies are 13 739 and 17 513 cm−1 re-
spectively, contain non-negligible components of 4p wave
functions, the involved transitions actually are 3d → 4p
transitions. (2) The main components of the lowest two
levels (at −5178 and−4264 cm−1) are 3d8 3F states, while
those of the two higher-lying levels mentioned above are
3d8 3P states. So the transitions between them are usu-
ally called (3d)3F → (3d)3P or simply d→ d transitions.
(3) The mixing of the 3d8 and 3d74p configurations in-
duced by the odd-parity crystal field terms is not strong.
Hence such d→ d transitions are very weak. The Faraday
rotation spectra caused by the electric dipole transitions
mentioned above are shown in Figure 6. From this fig-
ure, it can be seen that the odd-parity crystal field upon
the Ni2+ ions at the 2b site does produce MO resonance
around 2.5 eV photon energy. However, the maximum val-
ues of the Faraday rotation near the resonance frequencies
are less than 1000 degr cm−1/x, assuming that all the Ni2+

ions are distributed over the 2b sites. It is too small to ex-
plain the observed Faraday rotation at this wavelength
range.

4 Role of spin-orbit interaction in MO effects

Early in 1932, Hulme [24] deduced that for a ferromagnetic
material the spin-orbit interaction of the excited states
was needed to produce non-zero MO effects. To our knowl-
edge, the first quantitative analysis about the role of the
spin-orbit coupling in the MO effects was made by Mise-
mer [25] for MnBi. From the theoretical calculations, he
arrived at the conclusion that when all other parameters
were held fixed, the MO coefficient grew approximately
linearly with increasing strength of the spin-orbit interac-
tion. Later, Oppeneer et al. [26] showed that in transition
metals Fe, Co, and Ni, the MO Kerr effect scaled linearly
with the spin-orbit coupling but was a rather complex
function of magnetization. Recently, Dionne et al. [27]

Fig. 6. Calculated room temperature Faraday rotation spec-
tra produced by the electric dipole transitions from the low-
est two even- and odd-parity-CF-SO- and superexchange-
interaction split levels to the even- and odd-parity-CF and
SO split levels, whose energies are 13 739 cm−1 (solid curve)
and 17 513 cm−1 (dotted curve), respectively, of the Ni2+ ions
in Ba1−xMxFe12−xNixO19 assuming that all of them are dis-
tributed over the 2b sites.

made a molecular-orbital analysis for the MO enhance-
ment of Bi in Bi-substituted yttrium iron garnets; the gi-
ant MO enhancement was attributed to the large splitting
of the excited states induced by the spin-orbit interactions.
However, detailed quantitative studies about the effect of
the spin-orbit interaction on the MO effects in such com-
plex systems like the garnets do not exist. In this section,
we will analyse this problem using quantum theory, choos-
ing the Ni2+ ions at the 2b site of barium ferrite as an
example.

We define two relative spin-orbit interaction constants:
ξ1 is the ratio of the assumed strength to the actual
strength of the spin-orbit interaction in the ground con-
figuration; ξ2 has the same meaning as ξ1 but is related
to the excited configuration. So, for example, when ξ1 is
equal to zero (or 1), then the spin-orbit interaction in the
ground configuration is absent (or equals the normal value
used in the preceding sections).

ξ2 keeping constant and equal to 1, the variation of the
Faraday rotation versus ξ1 has been calculated, the results
are reported in Table 4 where all other parameters used in
the calculation are the same as those used in Section 2. In
the same table, the data in parentheses are obtained with
ξ2 being 0. From the table, two important points should be
immediately noted: (1) when there is no spin-orbit inter-
action of the ground configuration, the Faraday rotation
almost does not exist; (2) the spin-orbit interaction of the
excited configuration has only a very small influence on
the Faraday rotation whatever the ξ1 value is. It should
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Table 4. The variation of the full Faraday rotation (in
degr cm−1/x) at 300 K produced by the Ni2+ ions in
Ba1−xMxFe12−xNixO19 assuming that all of them are dis-
tributed over the 2b sites versus ξ1, ξ2 being equal to 1. The
data given in parentheses are the corresponding values when
ξ2 is taken to be 0.

Photon

energy (eV) 1 2 2.5 4 6

ξ1 = 0 −11 −48 −77 −231 −737

(−0) (−0) (−0) (−0.01) (−0.04)

ξ1 = 0.01 −4 −18 −31 −108 −441

ξ1 = 0.25 1520 6140 9665 25 551 61 478

(1531) (6184) (9736) (25 765) (62 168)

ξ1 = 0.50 2344 9474 14 918 39 514 95 537

(2282) (9218) (14 513) (38 412) (92 729)

ξ1 = 1 2399 9692 15 256 40 351 97 220

(2406) (9940) (15 304) (40 497) (97 220)

ξ1 = 2 2844 10 945 14 559 53 296 128 277

(2441) (9864) (15 529) (41 101) (99 236)

ξ1 = 4 2759 10 726 15 767 55 024 128 382

(2460) (9940) (15 650) (41 422) (100 067)

Table 5. The variation of the full Faraday rotation versus ξ2,
ξ1 being equal to 1. The data given in parentheses are the cor-
responding values when ξ1 is taken to be zero. Other conditions
are the same as Table 4.

Photon

energy (eV) 1 2 2.5 4 6

ξ2 = 0 2406 9721 15 304 40 500 97 720

(−0) (−0.003) (−0.005) (−0.01) (−0.03)

ξ2 = 0.25 2404 9713 15 292 40 461 97 597

(−2.9) (−11.9) (−19.3) (−57.8) (−185)

ξ2 = 0.50 2403 9706 15 280 40 424 97 472

(−5.7) (−23.9) (−38.6) (−115) (−369)

ξ2 = 1 2399 9691 15 256 40 351 97 220

(−11.4) (−47.6) (−77.1) (−231) (−737)

ξ2 = 2 2392 9662 15 208 40 200 96 700

(−22.7) (−95.2) (−154) (−460) (−838)

ξ2 = 4 2378 9600 15 106 39 883 95 595

(−45.4) (−190) (−307) (−919) (−2940)

be noted that these two points are valid in a large photon
energy range (1 ∼ 6 eV) for ξ1 varying from 0 to 4.

We present in Table 5 the data obtained with ξ2 vary-
ing now from 0 to 4, ξ1 being equal to 1 or 0 (in this latter
case, the Faraday rotation values are given in parenthe-
ses). It can be seen that the influence of ξ2 on the Faraday
rotation is small, when ξ1 is equal to 1. When ξ1 is equal
to zero, the Faraday rotations scale almost linearly with

ξ2. However, it should be noted that in the last case the
Faraday rotations are very small.

From these two tables, we arrive at the following con-
clusions. (i) The spin-orbit interaction of the ground con-
figuration is needed to produce a large Faraday rotation;
if there is not so, the Faraday rotation will become very
small. However, although the Faraday rotations increase
rapidly in the 0 ∼ 0.25 ξ1 range, the Faraday rotations ap-
proach saturation when ξ1 reaches 0.5 and then vary very
slowly with ξ1. (ii) Contrarily to the widely spread idea
[24,28], the spin-orbit interaction of the excited configu-
ration has almost no effect on the MO effects. In order to
reveal the underlying physical origin of the above results,
the energies, occupation probabilities, and

∑
nBng associ-

ated with various even-parity-CF-SO and superexchange-
interaction split 3d8 states are useful tools.

∑
nBng are

the sum of all the matrix elements associated with the
transitions from a 3d8 state |g〉 to various 3d74p states.

Now, we return to Figure 1, obtained when the spin-
orbit coupling of the ground configuration is taken to be
the actual value (i.e. ξ1 = 1). In this case, all the low-
est three even-parity-CF and SO split 3d8 levels are dou-
bly degenerate. Their degeneracy is lifted by the superex-
change interaction. When ξ1 becomes 0.25, the energy
gaps between these three levels become smaller and the
second level cannot be split by the superexchange inter-
action (see Fig. 7a). The wave function of the state |g1〉
(Fig. 7a) is close to the corresponding one of the state
|g1〉 obtained when ξ1 = 1 (Fig. 1). Similarly, the wave
functions of the states |g2〉, . . . |g6〉 are close to the cor-
responding ones of |g2〉, . . . |g6〉 in Figure 1. When the
spin-orbit coupling of the ground configuration is absent
(ξ1 = 0), the lowest even-parity-CF split level is six-fold
degenerate, and it is split into 3 doublets by the superex-
change interaction as shown in Figure 7b. Being similar to
the case of ξ1 = 0.25, now the wave functions of the states
|g1〉, . . . |g6〉 are also close to the corresponding ones of
|g1〉, . . . |g6〉 in Figure 1. Now, the energy gap between
this and the second CF split level is so large that the con-
tribution of the latter to the Faraday rotation is negligible.
In Figures 1, 7a, and 7b the values of

∑
nBng related to

various 3d8 states are given. It should be noted that all
these values were obtained with ξ2 = 1 (i.e. the spin-orbit
coupling of the excited configuration was taken to be the
actual value).

From Figures 1 and 7, the following points can be
noticed. (1) The energy schema in the case of ξ1 being
0.25 is similar to that obtained with ξ1 being 1. How-
ever, as the spin-orbit coupling strength decreases, the
mixing of different ground term (3F ) multiplets by the
crystal field becomes stronger and consequently the en-
ergy gaps between the lowest three CF-SO split levels de-
creases. When ξ1 = 0, the lowest CF split level becomes
six-fold degenerate. (2) In the cases of ξ1 = 1 and 0.25, the
values of

∑
nBng associated with the two superexchange-

interaction split sublevels of any one of the three CF-SO
split levels have the same magnitude and are of opposite
sign. Therefore the Faraday rotation comes from the differ-
ences of the occupation probabilities of the two sublevels
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(a)

(b)

Fig. 7. Same as Figure 1 but for ξ1 = 0.25 (a), and ξ1 = 0 (b);
in the latter case, there are only 3 levels.

of the three doublets. However, when ξ1 is 1, the occupa-
tion probabilities of the second and third CF-SO split lev-
els (located at −2903 and −2195 cm−1, respectively) are
so small that only the two sublevels of the lowest one (at
−3456 cm−1) contribute to the Faraday rotation. When
ξ1 is equal to 0.25, we also have to pay attention to the
second and third CF-SO split 3d8 levels. Firstly, the dif-
ference of the occupation probabilities of the two sublevels
(|g1〉 and |g2〉) of the lowest CF-SO split level is now equal
to 0.746 (Fig. 7a) which is less than the corresponding
value (0.959) obtained with ξ1 being 1 (Fig. 1). Secondly,
the difference of the occupation probabilities of the two
sublevels (|g5〉 and |g6〉) of the third CF-SO split level (lo-
cated at−2572 cm−1) now equals 0.157 and the sign of the
quantity

∑
nBng associated with the low-lying sublevel of

this CF-SO split level is opposite to that corresponding to

the low-lying sublevel of the lowest CF-SO split level (at
−2897.5 cm−1). Consequently, the Faraday rotations con-
tributed by the third and the lowest CF-SO split levels
are of opposite sign. As shown in Figure 7a, the degener-
acy of the second CF-SO split level (at −2740 cm−1) is
not lifted by the superexchange interaction. The values of∑
nBng associated with the two orthogonal states of this

degenerate level have the same magnitude and are of oppo-
site sign. So this level does not contribute to the Faraday
rotation. Finally, the magnitude of the calculated Fara-
day rotation with ξ1 = 0.25 is smaller than that obtained
with ξ1 = 1. (3) In the case of ξ1 = 0, the quantities of∑
nBng associated with the two orthogonal states of each

of the 3 doublets of the lowest even-parity-CF split 3d8

level have the same magnitude and are of opposite sign.
Therefore the 3d doublets have no net contribution to the
Faraday rotation. As a result, the magnitude of the Fara-
day rotation decreases rapidly as ξ1 decreases from 0.25
to 0 and approaches zero as reaches zero. When ξ1 equals
0.5, the occupation probability of the lowest CF-SO and
superexchange-interaction split level is 0.91 (it is only a bit
less than the corresponding value obtained with ξ1 being
1); therefore the Faraday rotations almost reach satura-
tion. The values of the Faraday rotation vary very slowly
as the spin-orbit interaction strength increases further.

The spin-orbit interaction of the excited configuration
only changes the splitting of the 3d74p states. But the
magnitude of such a change is much less than the dif-
ference between the average energies of the excited and
ground configurations. This fact explains why the spin-
orbit interaction of the excited configuration has only a
very small influence on the Faraday rotation below 6 eV
photon energy. It should be noted that in all the calcula-
tions in this section, all other parameters (crystal field, ex-
change field, 〈r〉3d4p, etc.) are the same as those used in the
preceding sections, only the spin-orbit coupling strengths
are supposed to be variables. The Zeeman effect of the ex-
cited configuration has been considered, so the calculated
results given in Tables 4 and 5 are full Faraday rotations.

We would like to recall that in the photon energy range
of 1 ∼ 6 eV, the diamagnetic Faraday rotation is very
small compared with the paramagnetic one (Tab. 2). So,
from Tables 4 and 5, it is not able to judge if the spin-orbit
interaction is needed to produce the diamagnetic Faraday
rotation. It needs a special study. The theoretical room
temperature diamagnetic 1

9 (n̄2 + 2)2 π
λn̄ε
′′
xy spectrum ob-

tained with ξ1 and ξ2 being 1 and 0, respectively, is shown
by the dotted curve in Figure 5. By comparing this curve
with the solid curve in this figure, it can be concluded
that the spin-orbit coupling of the excited configuration is
also not needed to produce the diamagnetic Faraday ro-
tation. It only leads to small changes of the diamagnetic
Faraday spectrum. The effect of the spin-orbit interaction
of the ground configuration on the diamagnetic MO effect
has also been studied. The corresponding 1

9 (n̄2 +2)2 π
λn̄
ε′′xy

spectra obtained in the case of ξ1 = 0, ξ2 = 0 and in the
case of ξ1 = 0, ξ2 = 1 are shown in Figure 8. In the latter
case, only the spectrum below 16.2 eV is given. By com-
paring these two curves with those given in Figure 5, it can
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Fig. 8. The room temperature diamagnetic (n̄2 +
2)2πε′′xy/(9λn̄) spectrum produced by the Ni2+ ions in
Ba1−xMxFe12−xNixO19 assuming that all of them are dis-
tributed over the 2b sites. Solid curve obtained when ξ1 = 0,
ξ2 = 1, dotted curve obtained when both ξ1 and ξ2 are set to
zero.

be concluded that the spin-orbit interaction of the ground
configuration plays an important role in the diamagnetic
MO effect and the diamagnetic MO effect becomes very
weak when the relative spin-orbit coupling strength of the
ground configuration ξ1 is set to zero.

At the end of this section, we would like to point out
that

∑
nBng is not a good quantity for determining the

Faraday rotation. From equation (4) it can be seen that
the Faraday rotation produced by the |g〉 → |n〉 transition
is also determined by the value of the frequency factor. So,∑
nBng is, strictly speaking, of less meaning. However it

is too tedious to list a lot of Bng values. Therefore only
some of the values of

∑
nBng are given to show the main

features. In our calculations, the frequency factor has been
considered rigorously.

5 Conclusions

From the above calculations, the following main conclu-
sions are derived. (1) The intra-ionic electric dipole tran-
sition from the 3d8 to 3d74p configurations is important
in the origin of the giant MO enhancement of the Ni2+

ions in barium ferrites. (2) The intra-ionic d → d electric
dipole transition induced by the odd-parity crystal field
does produce Faraday rotation resonance peaks in the vis-
ible range but the magnitude is too small to explain the
observed Faraday rotation. (3) The most important fac-
tor in the occurrence of the Faraday rotation is the ex-
change interaction. If there is no Zeeman effect, there will
be no Faraday effect. Since the superexchange interaction

between the Ni2+ and Fe3+ ions in the barium ferrite is
strong, the visible range Faraday rotation produced by
the Ni2+ ions is large though that the energy difference
between the 3d8 and 3d74p configurations is large. (4)
If only the Zeeman effect of the ground configuration is
taken into account while the Zeeman effect of the excited
configuration is neglected, the paramagnetic type Faraday
effect will be obtained. If we consider the Zeeman effect of
the excited configuration but neglect that of the ground
configuration, the diamagnetic type Faraday effect will be
obtained. The full Faraday rotation is obtained when the
Zeeman effects of both the ground and excited configura-
tions are considered. The full Faraday rotation contains
both components of the para- and dia-magnetic Faraday
rotations, but it is mainly determined by the paramag-
netic Faraday rotation. (5) The spin-orbit interaction of
the ground configuration plays a very important role in
the occurrence of the Faraday rotation produced by the
Ni2+ ions in barium ferrite. If there is no spin-orbit in-
teraction in the ground configuration, there will be nearly
no Faraday rotation. However, different from the theoret-
ical results for the transition metals Fe, Ni, Co [26] and
MnBi [25], the Faraday rotation does not increase linearly
with the strength of the spin-orbit coupling. The spin-
orbit coupling of the excited configuration has only a very
weak effect on the Faraday rotation; it is not needed to
produce the Faraday rotation. (6) The mixing of differ-
ent multiplets of the ground term led by the crystal field
has a great influence on the MO properties and cannot be
neglected. Consequently, the exchange field rather than
the molecular field should be used to take the exchange
interaction into account.
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