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1. Introduction 

Multiferroic materials with two or more coexisting or-
der parameters are known since the 1960s, see review pa-
pers [1–4]. The possible interactions between different 
order parameters make these materials promising can-
didates for the development of new spintronics and opto-
electronics devices. Good examples are the most actively 
studied rare-earth (R) hexagonal and perovskite man-
ganites RMnO3, and orthorhombic manganites RMn2O5 
[5–9]. However, the majority of multiferroic materials ex-
tensively studied so far, possess magnetic transition tem-
peratures far below room temperature. Though demonstrat-
ing interesting new physics, they most probably are of no 
interest for practical applications. Among the materials 
exhibiting multiferroic properties above room temperature, 
the complex iron oxides based on octahedrally and/or te-
trahedrally coordinated Fe3+ ion are of interest, as their 
electronic structure with half-filled 3

2gt  and 2
ge  orbitals 

favors strong exchange interaction and the highest magnet-
ic transition temperatures in comparison to other 3d transi-
tion-metal oxides. Examples of such materials are lithium 
ferrite LiFe5O8 in which the magnetoelectric effect [10] 
and the optical magnetoelectric effect [11] were observed, 
thin films of bismuth-substituted iron garnets R1–xBixFe5O12 
with giant optical magnetoelectric effects [12], gallium 
ferrite GaFeO3 [13–15], and the recently reported magne-
toelectric hexaferrites Ba0.5Sr1.5Zn2Fe12O22 [16] and 
Ba2Mg2Fe12O22 [17]. However, the most prominent multi-
ferroic among all known iron oxides is the bismuth ferrite 
BiFeO3 [18–20]. This material reveals unique multiferroic 
and optical properties that imply its potential as a photo-
voltaic material [21] and suggest it to be suitable for novel 
optoelectronic devices. 

The experimental observations along with recent theo-
retical predictions of important electronic contributions to 
the multiferroic properties are a strong motivation for more 
detailed studies of the electronic structure of multiferroics, 
in particular, the nature of the low-energy optical electron–
hole excitations. All these excitations are especially inter-
esting because these could play a central role in multiband 
Hubbard models used for describing both the insulating 
state and the unconventional states developed under elec-
tron or hole doping. In general, optical experiments are a 
powerful bulk sensitive spectroscopy, allowing one to ad-
dress the complete excitation spectrum. Because of the 
matrix element effect the optical response does provide 
only an indirect information about the density of states. 
Nevertheless it remains one of the most efficient technique 
for inspecting the electronic structure and energy spectrum. 

However, no comprehensive analysis of the spectral 
features and mechanisms governing the optical response of 
different multiferroics have been reported yet. At the same 
time this kind of information is of primary importance for 
the elucidation of the actual electronic states and a theore-

tical understanding of the mechanism(s) of the strong 
magnetoelectric coupling, in particular, the role of the elec-
tronic contribution to the multiferroic properties which 
may be quite important and in some cases comparable to 
the lattice contribution [22,23]. Indeed, the mechanisms of 
electric polarization, including its spin-dependent part, and 
the mechanisms specifying the optical response in 3d 
oxides have much in common [23–25]. Both are dominated 
by the p–d and d–d charge-transfer effects that makes its 
theoretical and experimental study a challenging task. 

It is now believed that the most intensive low-energy 
electron–hole excitations in insulating 3d oxides corres-
pond to the charge transfer (CT) transitions while different 
phonon-assisted crystal field transitions are generally much 
weaker. Namely the CT transitions are considered as a 
likely source of the optical and magneto-optical response 
of the 3d metal-based oxide compounds in a wide spectral 
range of 1–10 eV, in particular, of the fundamental absorption 
edge. The low-energy dipole-forbidden d–d orbital excita-
tions, or crystal field transitions, are characterized by the os-
cillator strengths which are smaller by a factor 102–103 than 
those for the dipole-allowed p–d CT transitions and usually 
correspond to contributions to the dielectric function 2ε  of 
the order of 0.001–0.01. 

Despite CT transitions are well established concept in 
the solid state physics, their theoretical treatment remains 
rather naive and did hardly progress during last decades. 
Usually it is based on the one-electron approach with some 
2p–3d or, at best, 2p→ 3d 2gt , 2p→ 3d ge  CT transitions 
in 3d oxides. In terms of the Hubbard model, this is a CT 
transition from the nonbonding oxygen band to the upper 
Hubbard band. But such a simplified approach to CT states 
and transitions in many cases appears to be absolutely in-
sufficient and misleading even for qualitative explanation 
of the observed optical and magneto-optical properties. 
First, one should generalize the concept of CT transitions 
taking into account the conventional transition between the 
lower and upper Hubbard bands which corresponds to an 
inter-site d–d CT transition, or intersite transition across 
the Mott gap. 

Several important problems are hardly addressed in the 
current analysis of optical spectra, including the relative 
role of different initial and final orbital states and res-
pective CT channels, strong intra-atomic correlations, ef-
fects of strong electron and lattice relaxation for CT states, 
the transition matrix elements, or transition probabilities, 
probable change in crystal fields and correlation parame-
ters accompanying the charge transfer. 

One of the central issues in the analysis of electron–
hole excitations is whether low-lying states are comprised 
of free charge carriers or excitons. A conventional ap-
proach implies that if the Coulomb interaction is effective-
ly screened and weak, then the electrons and holes are only 
weakly bound and move essentially independently as free 
charge-carriers. However, if the Coulomb interaction be-
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tween electrons and holes is strong, excitons are believed 
to form, i.e., bound particle–hole pairs with strong correla-
tion of their mutual motion. 

This review was stimulated by the lack of detailed and 
reliable studies of electron–hole excitations and of a proper 
understanding of the relative role of p–d and d–d CT tran-
sitions in strongly correlated 3d oxides as parent systems 
for the high-temperature superconductive, colossal magne-
toresistive [26] and multiferroic [6] materials. Hereafter, in 
this paper we report the results of theoretical and experi-
mental investigations of p–d and d–d CT transitions and 
optical response in multiferroic manganites and ferrites 
aimed to study the near band gap electronic structure of 
these materials which is of primary importance for con-
structing appropriate Hubbard models and obtaining ade-
quate theoretical description of their multiferroic proper-
ties. Given the complex phase diagram of this class of 
materials, studies of the CT states and transitions could 
uncover electronic states as potential contributors to giant 
multiferroicity and give an insight into physics governing 
the multiferroic properties. 

Our efforts were focused on the theoretical and experi-
mental studies of the low-energy CT bands in the spectral 
range 2–5 eV with a particular interest in the assignment 
variety of different CT states and CT transitions in the pe-
rovskite manganites and ferrites based on the distorted 
MeO6 octahedra being a basic element of their crystalline 
and electronic structure. Then we present and discuss expe-
rimental results of optical ellipsometry for a number of 
multiferroic manganites and ferrites. 

Some previously reported optical data on manganites 
and ferrites were in most cases obtained with the use of 
conventional reflection and absorption methods. We per-
formed our study using a variable-angle spectroscopic el-
lipsometer as described elsewhere [27–31]. The technique 
of optical ellipsometry provides significant advantages 
over conventional reflection and transmittance methods in 
that it is self-normalizing and does not require reference 
measurements. The optical complex pseudodielectric func-
tion = i′ ′′ε ε − ε  is obtained directly without the Kramers–
Krönig transformation. From the measured ellipsometric 
angles ψ and Δ the pseudodielectric function is calculated as 

 
2

2 2 1= sin 1 tan ,
1

ps
⎡ ⎤⎛ ⎞−ρ⎢ ⎥ε θ + θ⎜ ⎟+ ρ⎢ ⎥⎝ ⎠⎣ ⎦

 (1) 

where = tan eiΔρ ψ  and θ  is the angle of incidence [27]. 
For isotropic crystals this function gives the value of the 
dielectric function of the material = psε ε  if a surface 
roughness is taken into account properly. In the case of 
uniaxial crystals [28,29] the pseudodielectric function ex-
tracted from the measurements performed for two different 
orientations of the sample are a good approximation for the 
true dielectric function of the crystal. Thus, psε  measured 
with p-polarized light for a crystal with the optical axis z 

lying in the plane of incidence gives the value of zzε  and, 
subsequently, of the extraordinary refractive and absorp-
tion indices. The value for =xx yyε ε  and the ordinary re-
fractive and absorption indices can be obtained in the same 
way when the optical axis is perpendicular to the plane of 
incidence. 

In the case of biaxial crystal the pseudodielectric func-
tion (1) can be again a reasonable approximation, if the 
sample is properly oriented with one of the principle direc-
tions being perpendicular to the sample surface. In this 
case psε  is comprised by the projections of the com-
ponents of dielectric tensor along the two principle direc-
tions lying in the plane of incidence [28]. Thus, for the 
large angles of incidence used in our experiments (θ = 
= 60°–72°) the spectral behavior of psε  represents mainly 
the spectral behavior of the dielectric function for light 
polarized along the direction parallel to the intersection of 
the sample surface and the plane of incidence. Thus, per-
forming the ellipsometry measurements from different 
surfaces of the crystal, information of the spectral features 
of the dielectric function along all three principle direc-
tions of the crystal can be obtained. We note, that a more 
comprehensive treatment of the ellipsometry data [28] re-
sults in small corrections of the absolute values of the di-
electric functions, without significant effect on the main 
spectral features. 

This approximation, strictly speaking, is valid for large 
values of | |ε , i.e., in the range of strong absorption. In the 
low absorption range, however, the optical anisotropy is 
usually not resolved in ellipsometry measurements. There-
fore, the pseudodielectric function can be used as an ap-
proximation for a dielectric function in the low absorption 
range. 

Surface roughness and depolarization effects affect 
mostly the results in the low absorption range, but not the 
positions and the strength of intensive absorption bands. 
We note, that for all samples considered here the mea-
surements were performed for several large angles of inci-
dence θ. The coincidence of the dielectric functions ex-
tracted from these measurements points to the validity of 
the approach used. 

The dielectric function ε  was obtained in the range 
from 0.6 to 5.8 eV. The comparative analysis of the spec-
tral behavior of 1ε  and 2ε  is believed to provide a more 
reliable assignment of the spectral features as compared to 
reflectivity measurements. The spectra were analyzed us-
ing the set of Lorentzian functions  

 0 2 2
0

= = ,j

j j

f
i

E E iE
′ ′′ε ε − ε ε +

− − Γ
∑  (2) 

where fj characterizes the strength of the jth oscillator with 
a central frequency E0j and a half-width Γj, 0ε  is the di-
electric susceptibility at E = 0. 

The rest of the paper is organized as follows. In Sec. 2 
we shortly address the electronic structure, the energy 
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spectrum of a MeO6 cluster, and the one-center p–d CT 
transitions. Two-center d–d CT transitions are considered 
in Sec. 3. The experimental results of ellipsometric optical 
measurements for manganites and ferrites with a discus-
sion are presented in Sec. 4 and 5, respectively. 

2. One-center p–d charge transfer transitions in 
octahedral MeO6 clusters 

2.1. Electronic structure of octahedral 3d-metal-oxygen 
MeO6 centers in perovskites 

The electronic states in strongly correlated 3d oxides 
manifest both significant correlations and dispersional fea-
tures. The dilemma posed by such a combination is the 
overwhelming number of configurations which must be 
considered in treating strong correlations in a truly bulk 
system. One strategy to deal with this dilemma is to restrict 
oneself to small clusters, creating model Hamiltonians 
whose spectra may reasonably well represent the energy 
and dispersion of the important excitations of the full prob-
lem. Naturally, such an approach has a number of principal 
shortcomings, including the boundary conditions, the 
breaking of local symmetry of boundary atoms, and so on. 
Nevertheless, this method provides a clear physical picture 
of the complex electronic structure and the energy spectrum, 
as well as the possibility of quantitative modelling. In a cer-
tain sense the cluster calculations might provide a better 
description of the overall electronic structure of insulating 
3d oxides than the band structure calculations, mainly due to 
a better account for correlation effects. 

Five Me3d and eighteen oxygen O2p atomic orbitals in 
octahedral MeO6 complex with the point symmetry group 

hO  form both hybrid Me3d–O2p bonding and antibonding 
ge  and 2gt  molecular orbitals (MO), and purely oxygen 

nonbonding 1 ( ),ga σ  1 ( ),gt π  1 ( ),ut σ  1 ( ),ut π  2 ( )ut π  orbi-
tals (see, e.g., Refs. 32–34). Nonbonding 1 ( )ut σ  and 
1 ( )ut π  orbitals with the same symmetry are hybridized due 

to the oxygen–oxygen O2pπ–O2pπ transfer. The relative 
energy position of different nonbonding oxygen orbitals 
is of primary importance for the spectroscopy of the oxy-
gen–3d-metal charge transfer. This is firstly determined by 
the bare energy separation 2 2 2=p p pπσ π σΔε ε − ε  between 
O2pπ and O2pσ electrons.  

Since the O2pσ orbital points towards the two neigh-
boring positive 3d  ions, an electron in this orbital has its 
energy lowered by the Madelung potential as compared 
with the O2pπ orbitals, which are oriented perpendicular to 
the respective 3d–O–3d axes. Thus, Coulomb arguments 
favor the positive sign of the π–σ separation εpπ–εpσ which 
numerical value can be easily estimated in frames of the 
well-known point charge model, and appears to be of the 
order of 1.0  eV. In a first approximation, all the ( )γ π  
states 1 1 2( ), ( ), ( )g u ut t tπ π π  have the same energy. How-
ever, the O2pπ–O2pπ transfer yields the energy correction 
to bare energies with the largest value and positive sign for 

the 1 ( )gt π  state. The energy of the 1 ( )ut π  state drops due 
to a hybridization with the cation 4p 1 ( )ut π  state. In other 
words, the 1 ( )gt π  state is believed to be the highest in 
energy nonbonding oxygen state. For illustration, in Fig. 1 
we show the energy spectrum of the 3d–2p manifold in the 
octahedral complexes MeO6 with the relative energy posi-
tion of the levels according to the quantum chemical calcu-
lations [35] for the 9

6FeO −  octahedral complex in a lattice 
environment typical for perovskites such as LaFeO3 and 
LaMnO3. It should be emphasized once more that the top 
of the oxygen electron band is composed of O2pπ non-
bonding orbitals that predetermines the role of the oxygen 
states in many physical properties of 3d perovskites. 

2.2. Electric dipole matrix elements 

One-electron electric dipole matrix elements for MeO6 
octahedral center can be written with the aid of Wigner–
Eckart theorem [36] as follows (see Ref. 34 for details) 

*
1( )ˆ ˆ| | = ( 1) ,u u gj uu q g u g
t

d d
q

γ −μ γ γ
′〈γ μ γ μ 〉 − 〈γ γ 〉

′−μ μ
& &

  (3) 

where ⋅ ⋅ ⋅
⋅ ⋅ ⋅  is the Wigner coefficient for the cubic point 

group O h , ( )j Γ  is the so-called quasimomentum number, 
ˆ

u gd〈γ γ 〉& &  is the one-electron dipole moment submatrix 
element. The 3d–2p hybrid structure of the even-parity mo-

Fig. 1. The diagram of Me3d–O2p molecular orbitals for the 
MeO6 octahedral center. The O2p–Me3d charge transfer 
transitions are shown by arrows: strong dipole-allowed σ–σ and 
π–π by thick solid arrows; weak dipole-allowed π–σ and σ–π by 
thin solid arrows; weak dipole-forbidden low-energy transitions 
by thin dashed arrows, respectively. 

3d

2p

= 10Dq

eg

t2g

t ( )1g �

t ( )2u �

t ( )1u �

t ( )1u �

t ( )2g �

e ( )g �

a ( )1g �

Nondistored MeO octahedron6 Distored MeO octahedron6
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lecular orbital = (3 2 )g g gg g
N d pγ γγ μ γ μ +λ γ μ  and a 

more simple form of purely oxygen odd-parity molecular 
orbital 2u upγ μ ≡ γ μ  both with a symmetry superposition 
of the ligand O2p orbitals point to a complex form of the 
submatrix element in (3) to be a sum of local and nonlocal 
terms composed of the one-site and two-site (d–p and p–p) 
integrals, respectively. In the framework of a simple «lo-
cal» approximation [34] that implies the full neglect of all 
many-center integrals 

 2 2 2
3ˆ ˆ( ) = 0; ( ) = ;
2u g u gt d e t d t i dπ〈 π 〉 〈 π 〉 − λ& & & &  

 1 2 1
2ˆ ˆ( ) = 0; ( ) = ;
3u g u gt d t t d e dσ〈 σ 〉 〈 σ 〉 − λ& & & &  

 1 1 2
3ˆ ˆ( ) = 0; ( ) = .
2u g u gt d e t d t dπ〈 π 〉 〈 π 〉 λ& & & &  (4) 

Here, / ,pd pdtσ σλ Δ∼  /pd pdtπ πλ Δ∼  are effective co-
valency parameters for 2,g ge t  electrons, respectively, 

0=d eR  is an elementary dipole moment for the cation-
anion bond length 0.R  We see, that the «local» approxima-
tion results in an additional selection rule: it forbids the 
σ→ π , and π→σ  transitions, 1 2( )u gt tσ → , and 
1,2 ( )u gt eπ → , respectively, though these are dipole-

allowed. In other words, in frames of this approximation 
only σ-type ( 1 ( )u gt eσ → ) or π-type ( 1,2 2( )u gt tπ → ) CT 
transitions are allowed. Hereafter, we make use of the ter-
minology of «strong» and «weak» transitions for the di-
pole-allowed CT transitions going on the σ–σ, π–π, and π–σ, 
σ–π channels, respectively. It should be emphasized that 
the «local» approximation, if non-zero, is believed to pro-
vide a leading contribution to transition matrix elements 
with corrections being of the first order in the cation-anion 
overlap integral. Moreover, the nonlocal terms are neg-
lected in standard Hubbard-like approaches. In Fig. 2 we 
do demonstrate the results of numerical calculations 
of several two-site dipole matrix elements against 3d metal–
oxygen separation RMeO. It is clearly seen that given typical 
cation-anion separations RMeO ≈ 4 a.u. we arrive at values 
less than 0.1 a.u. even for the largest two-site integral, how-
ever, their neglect should be made carefully. Equations (3), 
(4) point to likely extremely large dipole matrix elements 
and oscillator strengths for strong p–d CT transitions, 
mounting to Åijd e∼  and 0.1,f ∼  respectively. 

2.3. One-center p–d CT transitions in orthorhombic 
perovskite manganites 

Now we can apply the model theory to the undoped 
stoichiometric perovskite manganites RMnO3 with MnO6 
octahedra. Conventional electronic structure of octahedral 
MnO6 complexes is related with the configuration of the 
completely filled O2p shells and partly filled Mn3d shells. 
The typical high-spin ground state configuration and crys-
talline term for the Mn3+ ion in octahedral crystal field or 

for the octahedral 9
6MnO −  center is 3 1

2g gt e  and 5Eg, re-
spectively. Namely this orbital doublet results in a vibronic 
coupling and the Jahn–Teller (JT) effect for the 9

6MnO −  
centers, and cooperative JT ordering in LaMnO3. In the 
framework of a crystal field model the term 5Eg originates 
from the 4 5(3 )d D  term of the free Mn3+ ion. 

Unconventional electronic configuration of octahedral 
MnO6 complexes is related with a charge transfer state 
with one hole in the O2p shells [38]. The excited CT con-
figuration 1

2 pγ  13 nd +  arises from the transition of an elec-

tron from the MO predominantly anionic in nature (the 
2 pγ  hole in the core of the anionic MO being hereby pro-

duced), into an empty 3d type MO ( 2gt  or ge ). The tran-
sition between the ground and the excited configuration 
can be presented as the 2 pγ →  23 ( , )g gd t e  CT transition. 

The CT configuration consists of two partly filled sub-

shells, the ligand 2 pγ  and the cation 1 2
23 ( )n n

ggd t e  shell, 

respectively. The latter configuration in the case of CT 
states in the 9

6MnO −  center nominally corresponds to the 
Mn2+ ion. It should be emphasized that the oxygen hole 
having occupied the nonbonding 2 pγ  orbital does inte-

ract ferromagnetically with the 1 2
23 ( )n n

ggd t e  shell. This 

rather strong ferromagnetic coupling results in the Hund 
rule for the CT configurations with the high-spin ground 
states. The maximal value of the total spin for the Hund-
like CT state in the 9

6MnO −  center equals S = 3, that 
points to some perspectives of unconventional magnetic 
signatures of these states. 

Fig. 2. Two-site dipole matrix elements as a function of Me3d–O2p
separation. The arrow near 4 a.u. points to typical Me3d–O 
separations. For illustration we choose both relatively large 
integrals 23 | | 2 zzd z p〈 〉  governed by the Me3d–O2p σ-bond 
and the relatively small ones 3 | | 2xz xd z p〈 〉  and 

3 | | 2xz zd x p〈 〉  governed by the Me3d–O2p π-bond. We make 
use of hydrogen-like radial wave functions with the Clementi–
Raimondi effective charges [37] eff

O2 pZ = 4.45 and eff
Me3dZ =

10.53 typical for the Mn3+ ion. 
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For our analysis to be more quantitative we make two 
rather obvious model approximations. First of all, we as-
sume that for the 9

6MnO −  centers in RMnO3 as usually for 
cation-anion octahedra in 3d oxides [32,33,35] the non-
bonding 1 ( )gt π  oxygen orbital has the highest energy and 
forms the first electron removal oxygen state. Furthermore, 
to be definite we assume that the energy spectrum of the 
nonbonding oxygen states for 3 9

6Mn O+ −  centers in 
RMnO3 coincides with that calculated in Ref. 35 for 

3 9
6Fe O+ −  in isostructural orthoferrite LaFeO3, in other 

words, we have (in eV):  

 1 2 1 1( ( ) ( )) 0.8; ( ( ) ( )) 1.8;g u g ut t t tΔ π − π ≈ Δ π − π ≈  

 1 1( ( ) ( )) 3.0.g ut tΔ π − σ ≈   

Secondly, we choose for the Racah parameters B = 12 eV 
and C = 0.41 eV, the numerical values typical for the Mn2+ 
ion. The crystal-field parameter Dq = 0.15 eV provides a 
reasonable explanation of the Mn2+ spectra in MnO [39]. 
This set of parameters is used for the model simulation of 
the overall p–d CT band in LaMnO3 [34]. We argue that 
the lowest in energy spectral feature observed in LaMnO3 
near 1.7 eV (see, e.g., Ref. 40) is related with the onset of 
the series of the dipole-forbidden p–d CT transitions 
1 2( ) ,g g gt e tπ → , rather than with any d–d crystal field 

transition. The energy of this transition was picked out a 
starting point for assignment of all other p–d CT transi-
tions. 

Weak dipole-allowed π–σ CT transitions 2 ( )u gt eπ −  
and 1 ( )u gt eπ −  form more intensive CT bands beginning 
at higher than the preceding series energies, near 2.5 and 
3.5 eV, respectively, in accordance with the magnitude of 
the 1 2( ) ( )g ut tπ − π  and 1 1( ) ( )g ut tπ − π  separations. Ac-
tually, the 1 ( )u gt eπ −  transition has to be more intensive 
because the 1 ( )ut π  state is partly hybridized with 1 ( )ut σ , 
hence this transition borrows a portion of intensity from 
the strong dipole-allowed 1 ( )u gt eσ −  CT transition. 

The latter σ–σ transition forms intensive broad CT band 
starting from the main 5Eg – 6A1g; 5T1u peak at ≈ 4.7 eV 
and ranging to the 5Eg – 4A2g; 5T2u peak at ≈ 10.2 eV with 
interstitial peaks at ≈ 8.0 eV being the result of the 
superposition of two transitions 5Eg – 4A1g; 5T2u and 5Eg –
 – 4Eg; 5Tu, and at ≈ 8.8 eV due to another 5Eg – 4Eg; 5Tu 
transition, respectively. Thus, the overall width of the CT 
bands with final 3 2

2g gt e  configuration occupies a spectral 
range from 1.7 up to ~10 eV. 

Strong dipole-allowed π–π CT transitions 
2 1 2( ), ( )u u gt t tπ π −  form two manifolds of equally intensive 

CT bands shifted with respect to each other by the 
2 1( ) ( )u ut tπ − π  separation (≈ 1.0 eV). In turn, each manifold 

consists of two triplets of weakly split and equally intensive 
CT bands associated with 5Eg – 4T1g; 5Tu and 5Eg – 4T2g; 
5Tu transitions, respectively. In accordance with the as-
signment of crystal-field transitions [39] in LaMnO3 we 

should expect the low-energy edge of the dipole-allowed 
π–π CT band starting from ≈ 4.5 eV (1.7 2.0+ +

1 2( ( ) ( )g ut t+ π − π  separation)). Taking account of strong 
configuration interaction we should expect the high-energy 
edge of this band associated with the highest in energy 4

2gT  
term of the 53d  configuration to be positioned near ≈ 9.9 eV. 
In between, in accordance with our scheme of energy levels 
we predict peaks at 5.2; 5.5; 6.2(×2); 7.2(×2); 7.9; 8.2; 8.3; 
8.9 eV. The weak dipole-allowed σ–π transitions occupy the 
high-energy spectral range from 6.7 to 11.1 eV. 

Overall, our analysis shows the multi-band structure of 
the CT optical response in LaMnO3 with the weak low-
energy edge at 1.7 eV, associated with forbidden 
1 ( )g gt eπ −  transition and a series of strong bands in the 

range of 4.6–10.2 eV starting with composite peak at 
~ 4.5–4.7 eV and closing by composite peak at 8–10 eV 
both resulting from the superposition of strong dipole-
allowed π–π and σ–σ CT transitions. 

Above we addressed the model energies of the CT tran-
sitions. In frames of our model the relative intensities for 
different dipole-allowed CT transitions are governed by the 
relative magnitude of different one-electron dipole subma-
trix elements. We have performed the theoretical simula-
tion of the overall O2p–Mn3d CT optical band in LaMnO3 
generated by dipole-allowed CT transitions in 9

6MnO −  
octahedra given simple physically reasonable assumptions 
concerning the one-electron submatrix elements. We have 
assumed i) the equal integral intensities =I Iσσ ππ  for the 
σ–σ and π–π channels, that corresponds to 2 2= 6 ;σ πλ λ  and 
ii) the equal integral intensities = = 0.1I I Iπσ σπ σσ  for all 
weak dipole-allowed transitions 2 ( )u gt eπ − , 1 ( )u gt eπ − , 
and 1 2( )u gt tσ − . The former assumption agrees with the 
well-known semi-empirical rule that simply states 

2σ πλ λ∼ . The latter assumption concerns the outgoing 
beyond the «local» approximation and seems to be more 
speculative. Probably, this yields an overestimation for 

2 ( )u gt eπ −  transition, but underestimation for 1 ( )u gt eπ −  
and 1 2( )u gt tσ −  transitions, which intensity can be en-
hanced due to 1 1( ) ( )u ut tπ − σ  hybridization. The more de-
tailed quantitative description of the weak dipole-allowed 
CT transitions needs the substantial expansion of our mo-
del approach and further theoretical studies. 

The calculated model contributions of the dipole-
allowed CT transitions to the imaginary part of the dielec-
tric function are presented in Fig. 3. The top panel shows 
the partial contributions of different dipole-allowed transi-
tions modeled by rather narrow Lorentzians with linewidth 
Γ = 0.5 eV to clearly reveal the multiplet structure. The 
lower panel presents the overall contribution to the imagi-
nary part of dielectric function of the dipole-allowed CT 
transitions. Here, the Lorentzian linewidth is assumed to be 

= 1.0Γ  eV for all contributions to maximally reproduce 
the experimental situation. All the spectra are presented 
given the same relative units. 
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In conclusion one should emphasize several points. 
First, the p–d CT excitons can move over the lattice thus 
forming an excitonic band. Its width would strongly de-
pend on the character of the O2p hole state. We anticipate 
rather narrow bands for π–π and π–σ excitons, but rather 
wide bands for σ–σ and σ–π excitons. It is worth noting 
that besides the charge transfer the p–d CT transitions in 
MnO6 octahedra are characterized by a remarkable effect 
of the transfer of the spin density and orbital degeneracy 
from Mn ion to surrounding oxygen ions. In addition, we 
would like to underline a crucial role of the intra-atomic 
correlations in forming the optical response in 3d oxides. 
Indeed, the one-electron energy level scheme (see Fig. 1) 
points to a low-lying 3d 2gt  orbital to be a final state for 
any lower-energy CT transition, while actually the lower-
energy CT transitions are related with 3d ge  orbital as a 
final state because of a prevailing gain in the Hund energy. 

2.4. Role of the Jahn–Teller distortions for the Mn3+O6 
octahedra and the light polarization effects 

Orthorhombic manganites RMnO3 are typical com-
pounds with the 3d-electron orbitally ordered ground state 

where 2 233 x rd
−

-type and 2 233 y rd
−

-type orbitals for eg-

electrons are alternately ordered on Mn3+ sites in the ab 
plane and are stacked parallel along the c axis below the 
orbital ordering temperature TJT ~ 750–1500 K [42]. Such 
an orbital ordering is stabilized by the cooperative Jahn–
Teller effect that lifts the orbital degeneracy of the crystal 
ground state 5E term for the octahedral 3 2

2g gt e  electronic 

configuration of the Mn3+ ion. The orbital ordering causes 
a layer-type (so called A-type) antiferromagnetic (AF) or-
dering below TN, in which magnetic moments on Mn sites 
are aligned ferromagnetically in the ab plane and are 
stacked antiferromagnetically along the c axis. 

The eg-electron in the JT-distorted Mn3+O6 octahedral 
cluster occupies the superposition state  

 2 2 2= cos | sin | ,
2 2g z x yd d −
Θ Θ

Ψ 〉 + 〉  (5) 

where the orbital mixing angle Θ  is determined by the 
deformations of the Mn3+O6 octahedral cluster as follows: 

 
3( )

tan = ,
2

x y

z x y

l l
l l l

−
Θ

− −
 (6) 

where , ,x y zl  are the lengths of the Me–O bonds along the 
respective local co-ordinates. The unoccupied, or eg-hole 
state of the same Mn3+O6 octahedral cluster is described 
by the wave function eΨ  which is orthogonal to gΨ : 

 2 2 2= sin | cos | .
2 2e z x yd d −
Θ Θ

Ψ − 〉 + 〉  (7) 

The Jahn–Teller splitting energy is determined as 
0= 2JT gΔ ρ , where g  is a vibronic constant, 

 
1/22 2

0 = 2( ) 6( ) ,x y zl l l l⎡ ⎤ρ − + −⎣ ⎦  (8) 

and l is a mean Mn–O bond length. For rare-earth ortho-
rhombic manganites the Mn–OI bond corresponds to the 
medium length while two Mn–OII bonds correspond to 
long and short lengths (see Ref. 42). If the local z axis is 
directed along the Mn–OI bond and the x axis along 
the Mn–OII bond with the longest length, then 
( ) ( ) ( )x z yl l l l l l− − ≈ −�  and tan 3,Θ ≈  or 120 .Θ ≈ D  

In other words, it means that 2| .g xdΨ ≈ 〉  In the tetragonal 
limit ( ( ) ( ) = ( )x z yl l l l l l− − −� ) the ge  level splits into 

two singlets ( 2| xd 〉  and 2 2| y zd − 〉 , respectively), while 

the 1 2,t t  levels split into singlets and doublets (see Fig. 1). 
Thus all the one-center p–d CT transitions 1,2 gt e→  from 

filled nonbonding oxygen orbitals to empty ge  orbital, both 
allowed and forbidden, are believed to reveal a singlet-
(quasi)doublet structure. The intensity of weakly dipole 
allowed 2 ( )u gt eπ →  transitions centered near 2.5 eV, can 

Fig. 3. Theoretical simulation of the overall O2p–Mn3d CT band
in LaMnO3. Top panel shows the partial contributions of
different dipole-allowed transitions. Bottom panel presents the
overall contribution of the dipole-allowed CT transitions to the
imaginary part of dielectric function. Experimental spectrum
from the paper by Okimoto et al. [41] is shown in insert (see text
for details). 
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be enhanced due to a 2 1 1( ) ( ), ( )u u ut t tπ − π σ  mixing result-
ing from the low-symmetry distortions of MnO6 octahedra. 

Let us address the polarization properties of the main 
dipole-allowed one-center p–d CT transition 1 ( )u gt eσ → . 
To this end we find the dipole transition matrix elements in 
the local coordinates of the MnO6 octahedron: 

 1 2 1 2( ) | | = ( ) | | =ux x uy yz z
t d d t d d〈 σ 〉 〈 σ 〉   

 21
1= ( ) | | = ;
2 6uz z z

d
t d d σλ− 〈 σ 〉 −   

1 2 2 1 2 2( ) | | = ( ) | | =
2ux x uy yx y x y
d

t d d t d d σ
− −

λ
〈 σ 〉 −〈 σ 〉  

  (9) 

and 

 1 ( ) | | = (sin 3 cos );
2 26ux x e

d
t d σλ Θ Θ
〈 σ Ψ 〉 +  

1 ( ) | | = (sin 3 cos );
2 26uy y e

d
t d σλ Θ Θ
〈 σ Ψ 〉 −  

 1
2

( ) | | = sin .
26uz z e

d
t d σλ Θ
〈 σ Ψ 〉 −  (10) 

Hence for spectral weights we obtain the relation as fol-
lows: 

 : : =x y zSW SW SW   

 = (2 3sin cos ) : (2 3sin cos ) : 2(1 cos ).+ Θ+ Θ − Θ+ Θ − Θ   

  (11) 

Neglecting the tilting of the MnO6 octahedra we arrive at 
the ratio of spectral weights cSW  and abSW  for light pola-
rized &  c axis and &  ab plane, respectively [43]: 

 2(1 cos )/ = .
(2 cos )c abSW SW − Θ
+ Θ

 (12) 

Generally speaking, the CT exciton creation is accom-
panied by an excitation of lattice modes. Indeed, the elect-
ron transfer from O 2p  to Mn 3d  state, or from an ionic to 
a covalent configuration such as σ–σ transition 5Eg – 6A1g; 
5T1u is accompanied by a significant shortening of the equi-
librium Mn–O bond length and a remarkable effect of the 
transfer of orbital degeneracy from Mn ion to surrounding 
oxygen ions accompanied by a strong change in the elec-
tron-lattice coupling. Thus, the incident photon can create 
a self-trapped exciton which can reemit a photon, returning 
either to the ground state or to various one-phonon or mul-
tiphonon excited states. The exciton–phonon interaction 
strongly affects the line-shape of absorption leading to 
Franck–Condon multiphonon sidebands and results in a 
phonon Raman scattering. The measurement of the Raman 

intensity as a function of excitation light energy is a very 
informative probe of the origin of electronic transitions. 

2.5. One-center p–d CT transitions in perovskite ferrites 

The conventional ground state electronic structure of 
octahedral Fe3+O6 complexes is associated with the confi-
guration of the completely filled O2p shells and half-filled 
Fe3d shell. The typical high-spin ground state configura-
tion and crystalline term for Fe3+ in the octahedral crystal 
field or for the octahedral [FeO6]9– center is 3 2

2g gt e  and 
6A1g, respectively. 

The conventional classification scheme of the CT tran-
sitions in the octahedral 9

6FeO −  centers (intra-center CT 
transitions) includes the electric-dipole allowed transitions 
from the odd-parity oxygen 1 2 1= ( ), ( ), ( )u u u ut t tγ π π σ  
orbitals to the even-parity iron 3d 2gt  and 3 gde  orbitals, 
respectively. These one-electron transitions generate the 
many-electron ones 6A1g → 6T1u, which differ by the crys-
talline term of the respective 3d6 configuration:  

 3 4 2 6 4 2 5 6
2 2 1 2 2 1( ; ) (( ; ) ; ) ,g g g g g g g u ut A e A t e T T→ γ  (13) 

 3 4 2 6 3 3 5 6
2 2 1 2 1( ; ) (( ; ) ; ) ,g g g g g g g u ut A e A t e E T→ γ  (14) 

for uγ →  3d 2gt  and uγ → 3d ge  transitions, respectively. 
We see that in contrast to the manganese centers 

3 9
6Mn O+ −  each one-electron uγ →  3d 2gt  transition gene-

rates one many-electron CT transition [34]. 
Hence, starting with three nonbonding purely oxygen 

orbitals 1 1 2( ), ( ), ( )u u ut t tπ σ π  as initial states for one-
electron CT, we arrive at six many-electron dipole-allowed 
CT transitions 6A1g → 6T1u. There are two transitions 
1 2 2( ), ( )u u gt t tπ π →  (π–π channel), two transitions 
1 2( ), ( )u u gt t eπ π →  (π–σ channel), one transition 
1 2( )u gt tσ →  (σ–π channel), and one transition 1 ( )u gt eσ →  

(σ–σ channel). In addition, one should account for a di-
pole-forbidden 1 2( )g gt tπ →  transition which determines 
the onset energy of the CT bands. 

The transfer energy in the Fe3+O6 octahedra for the di-
pole-forbidden 1 2( )–g gt tπ  transition which determines the 
onset energy of the p–d CT bands can be compared with a 
similar quantity for the dipole-forbidden 1 ( )–g gt eπ  transi-
tion which determines the onset energy of the p–d CT 
bands in Mn3+O6 octahedra in, e.g., manganite LaMnO3 

 Fe Mn
( ) ( )1 2 1

=t t t eg g g gπ − π −Δ − Δ   

 3 328 10 (Fe) (Mn).JTA B Dq I I= + − −Δ + −   

Here we made use of the standard Racah parameters, 
3 3(Fe), (Mn)I I  are the third ionization potentials for iron 

and manganese atoms, respectively, JTΔ  is the Jahn–Tel-
ler splitting of the ge  level in manganite. Given A ≈ 2.0 eV 

(see below), B ≈ 0.1 eV, Dq ≈ 0.1 eV, 0.7JTΔ ≈  eV, 

3 3( (Fe) (Mn)) 3.0I I− ≈ −  eV (see, e.g., Ref. 44) we get 
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Fe Mn
( ) ( )1 2 1

1.0t t t eg g g gπ − π −Δ −Δ ≈  eV. In other words, the on-

set of p–d CT transitions in the Fe3+O6 octahedra is ex-
pected to be noticeably by ∼1 eV blue-shifted as com-
pared to its Mn3+O6 counterpart. Taking into account 

Mn
( )1

1.7t eg gπ −Δ ≈  eV as the onset energy of p–d CT transi-

tions in the Mn3+O6 octahedra in an idealized orthomanga-
nite LaMnO3 [34], we get Fe

( )1 2t tg gπ −Δ ≈ 2.7 eV as an esti-

mate of the onset energy of p–d CT transitions in the 
Fe3+O6 octahedra in the isostructural orthoferrite LaFeO3. 
It is interesting that this low-energy p–d CT transition in 
ferrites can be superimposed on the d–d crystal field transi-
tions, in particular, on the 6A1g → 4A1g transition usually 
an important optical signature of the Fe3+ centers. Indeed, 
its energy = 10 5E B CΔ + ≈ 2.5–2.8 eV does not depend on 
the crystal field splitting parameter Dq, that makes the 
energy of this transition insensitive to details of the crystal-
line surroundings. By contrast, both the energy and the 
intensity of the 1 2( )–g gt tπ  p–d CT transition are strongly 
dependent on the crystalline surroundings. Being nominal-
ly dipole-forbidden for ideal Fe3+O6 octahedra, this transi-
tion becomes allowed for noncentrosymmetric Fe3+O6 
complexes with a spectral weight typical for CT transi-
tions. In contrast to the 6A1g → 4A1g transition, the low-
symmetry distortions of Fe3+O6 octahedra give rise to a 
sizeable splitting of the 1 2( )–g gt tπ band that may be used 
for the transition assignment. 

As it was noted above, the onset energy for the p–d CT 
transitions in ferrites is blue-shifted by 1 eV as compared 
to manganites. However, the low-energy strong dipole-
allowed p–d CT transitions in ferrites and manganites are 
anticipated at ~3 and ~4.5 eV, respectively. Such a coun-
ter-intuitive picture points to the importance of correlation 
effects governing the electronic structure in the ground and 
excited CT states. 

2.6. Temperature dependence of the spectral weight 
for the p–d CT bands 

Addressing the temperature dependence of the spectral 
weight for the p–d CT transitions we will first concern the 
effects of a magnetic ordering. At first sight for small one-
center excitons we have a rather conventional transition 
with conservation of spin SMS-state and a spin density 
fluctuation localized inside the MeO6 cluster. However, the 
redistribution of the spin density from 3d atom to the oxy-
gen ones after the p–d CT transition switches on a strong 
ferromagnetic Heisenberg O2p–Me3d exchange that leads 
to a number of temperature anomalies near the Néel tem-
perature. At first, one has to expect a blue shift effect for 
the transition energy with the lowering the temperature 
near and below TN. Indeed, at T > TN, the average molecu-
lar field for the MeO6 center turns into zero while the 3D 

antiferromagnetic ordering is accompanied by a rise of the 
exchange molecular fields and respective spin splittings. 
Due to an order of magnitude bigger value of the O2p–
Me3d exchange as compared with the Me3d–Me3d ex-
change this is accompanied by an increase of the transition 
energy with a maximal value of the blue shift as large as 
several tenths of eV. Additionally, one has to expect a 
strong (of the same order of magnitude) broadening of the 
excitonic line with the increase of the temperature due to 
strong fluctuations of molecular fields. 

The temperature dependence of the phonon-assisted p–d 
CT transitions, such as 1 2( ) ,g g gt e tπ → , normally forbid-
den by parity considerations, is usually described by the 
functional form predicted for such a type of process: 

 ( ) = (0)coth ,
2

pSW T SW
kT
ω=

  

where (0)SW , the spectral weight at 0 K, embodies the 
effect of parity mixing introduced by lattice vibrations in 
the states connected by the transition, and pω=  is a pho-
non energy. Depending on the energy of the active odd-
parity phonon mode(s) such a mechanism can provide up 
to a twofold rise of the spectral weight with the tempera-
ture rise from helium to room temperatures. Obviously, 
this transition borrows a portion of intensity from the near-
est in the energy dipole-allowed CT transitions. 

It should be noted that equally with the band-structure 
effects the electron–phonon interaction governs the line-
shape and the temperature dependence of all the CT transi-
tions, both dipole-allowed and dipole-forbidden. 

3. Two-center d–d CT transitions  

Inter-center d–d CT transitions between two MeOn 
clusters centered at neighboring sites 1 and 2 define two-
center d–d CT excitons in 3d oxides. These two-center 
excitons may be addressed as quanta of the dispropor-
tionation reaction  

 1 1
1 2 1 2Me O Me O Me O Me O ,v v v v

n n n n
− ++ → +  (15) 

with the creation of electron 1MeOv
n
−  and hole 1MeOv

n
+  

centers. Depending on the initial and final single particle 
states all the intersite d–d CT transitions may be classified 
to the –g ge e , 2–g ge t , 2 –g gt e , and 2 2–g gt t ones. For the 
3d oxides with cations obeying the Hund rule these can be 
divided to so-called high-spin (HS) transitions 

1 1
1 2 1 22 2S S S S S S→ ± ∓  and low-spin (LS) transitions 

1 1
1 2 1 22 2S S S S S S→ − − , respectively. 

3.1. Effect of orbital states and Me1–O–Me2 bond 
geometry 

The dipole matrix element for the 1γ → 2γ  transition 
between the even-parity ground state g

GSΨ  and the odd-
parity excited state u

ESΨ  of the Me1–Me2 pair can be ex-
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pressed through the transfer integral 12t  and the transfer 
energy 12Δ  as follows  

 12
12

12
ˆ| | 2 .g u

ESGS
t

e〈Ψ Ψ 〉 ≈
Δ

d R  (16) 

In other words, the spectral weight of the two-center d–d 
CT transition can be related to the kinetic contribution 

2
kin 12 12= /J t Δ  to the exchange integral in the 12 pair 

[45]. 
The transfer integrals in 3d oxides can strongly depend 

on the bond geometry. For two octahedral MeO6 clusters 
sharing a common oxygen ion we get the following ex-
pressions for the transfer integrals: 

 12 ( 0; 0) cos ;g g sst e e t tσσ≈ + θ   

 12 12 12( 0; 2) = ( 2; 0) = ( 2; 2) = 0;g g g g g gt e e t e e t e e   

 (1) (1)
12 2 12 20 0( 0; ) ( ); ( ; 0) ( );g g g gt e t t D t t e t Dσπ πσμ μμ ≈ ω μ ≈ ω   

 (1)
12 2 1 2 2 1 2

( ; ) ( ),g gt t t t Dππ μ μμ μ ≈ ω  (17) 

where the 3d orbitals ge μ ( 2 220 = , 2 =g g x yz
e d e d

− ), 

2gt μ  ( 2
11 = ( )
2g xz yzt d id± ±∓ , 2 2 =g xyt d ) are speci-

fied in the local co-ordinates for Me1O6 and Me2O6 clusters 
with 1z  and 2z  axes directed to the common oxygen ion; 
tαβ  are transfer parameters for ( ) = , ,sα β σ π  bonds, respec-

tively; θ is the Me1–O–Me2 bond angle; (1)
1 2

( )Dμ μ ω  is the 

Wigner rotation matrix [36] with ω  being the Euler angles, 
specifying the transformation from the local co-ordinates for 
Me1O6 o those for the Me2O6 cluster. These expressions can 
be used to find a detailed relation between bond geometry 
and the spectral weight of the d–d CT transitions. 

3.2. Role of spin correlations 

After uncovering the role of the Me1–O–Me2 bond an-
gle, we have to consider whether the spin degree of free-
dom affects the d–d CT transition. It should be noted that 
despite the spinless character of the dipole moment opera-
tor its matrix elements on the pair wave functions depend 
on the spin quantum numbers. In particular, the partial 
spectral weight (SW) for a 1 2 1 2S S S S′ ′→  transition can be 
given as follows:  

 
2

1 2
1 2 1 2 1 2 1

2 1 2
( ) [ , ] ,S

S

S S S
SW S S S S S S

S S
⎧ ⎫⎪ ⎪′ ′ ′→ ∝ ρ ⎨ ⎬′ ′⎪ ⎪⎩ ⎭

∑ (18) 

where Sρ  is the temperature-dependent statistical weight 

of the 1 2S S S  spin multiplet, 
1 2

1
2 1 2

S S S

S S
⎧ ⎫⎪ ⎪
⎨ ⎬′ ′⎪ ⎪⎩ ⎭

 is the 6j-sym-

bol [36]. Taking into account the expressions for 6j-sym-

bols we see that the temperature dependence of the partial 
spectral weight 1 2 1 2( )SW S S S S′ ′→  should be determined by 

a statistical average 2ˆ( 1) =S S〈 + 〉 〈 〉S  which, in its turn, 

relates to the spin-spin correlation function ( )1 2
ˆ ˆ⋅S S . Thus 

we should conclude that the partial spectral weight for 
1 2 1 2S S S S S S′ ′→  transitions in an isolated spin pair 

is governed by a spin-dependent prefactor containing 
the spin–spin correlation function ( )1 2

ˆ ˆ⋅S S . For the 

HS transition 1 1
1 1 1 12 2S S S S→ − +  and the LS transition 

1 1
1 1 1 12 2S S S S→ − −  in the pair of identical 3d ions one gets 

 1 1 1 1
1 1( )
2 2

SW S S S S→ − + ∝   

 
( )1 2 1 1

1 1 1 1

ˆ ˆ ( 1)( 1) = ,
2 (2 1) (2 1)

S SS S
S S S S

⎡ ⎤⋅ + +⎢ ⎥〈 + 〉 ⎣ ⎦∝
+ +

S S
 (19) 

 1 1 1 1
1 1( )
2 2

SW S S S S→ − − ∝   

[ ] ( )2
1 1 21 1

1 1 1 1

ˆ ˆ
2 (2 1) ( 1)

= ,
2 (2 1) (2 1)

SS S S S
S S S S

⎡ ⎤− ⋅+ − 〈 + 〉 ⎢ ⎥⎣ ⎦∝
+ +

S S
 (20) 

respectively. These expressions allow one to obtain both 
the low-temperature ( NT T� ) and high-temperature 

( NT T� , ( )ˆ ˆ 0i j⋅ →S S ) limits for the spin prefactor. In 

accordance with a spin sum rule the sum of spin prefactors 
on the right hand sides of the expressions (19) and (20) 
turns into unity due to the exact compensation of tempera-
ture dependent terms with the spin-spin correlation func-
tion. In other words, the higher-energy LS bands exhibit a 
strictly inverse SW evolution with temperature as com-
pared to the HS band. Varying the temperature we get the 
SW transfer between the HS- and the LS-subbands. It 
should be noted that for the Fe3+ ion based oxides we deal 

only with the LS-transitions 5 5 22
2 2

→  and the antiferro-

magnetic ground state exchange coupling. 

3.3. Some features of CT transitions in strongly coupled 
corner-shared MeO6 clusters 

Above we have addressed a somewhat idealized scena-
rio of p–d and d–d CT transitions which implies well iso-
lated or weakly coupled MeO6 clusters. Actually in pe-
rovskite manganites and ferrites we deal with strongly 
coupled corner-shared MeO6 clusters sharing a common 
oxygen ion. Strictly speaking, it means that we cannot 
make use of an oversimplified classification of the p–d and 
d–d CT transitions. Indeed, the O2p electrons localized on 
the intermediate common oxygen ion cannot be attributed 
to one or another cluster. Formally this implies a strong 
overlap of the bare wave functions localized on the neigh-
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boring clusters. Generally speaking, this trouble can be 
overcome with making use of the orthogonalization proce-
dure. This immediately results in a two-center character of 
the wave functions with the onset of two-center spin and 
orbital correlations. 

Many features of the corner-shared MeO6 clusters re-
lated with the p–d overlap and covalency effects can be 
illustrated by a more simple generic two-hole-three-site 
Me1–O–Me2 cluster model. To this end we start with the 
construction of spin-singlet and spin-triplet wave functions 
for our three-center two-hole system taking account of the 
p–d hopping, on-site hole-hole repulsion, and crystal field 
effects for the bare ground state 101 and bare excited con-
figurations { }n  (011, 110, 020, 200, 002) with different 
hole occupation of  M1, O, and M2 sites, respectively. The 
p–d hopping for M–O bond implies a conventional Hamil-
tonian 

 † ˆˆ ˆ= h.c.,pd p dH t p dα β α β
αβ

+∑  (21) 

where †p̂α  creates a hole in the α  state on the oxygen site, 

while d̂β  annihilates a hole in the β  state on the copper site. 

Perturbed wave functions can be written as follows  

 { }
{ } { } { } { }{ }

{ } ={ },
= [ ],n SS

n SM n n SM n SMn S
n n

c ′ ′ΓΓ
′ ′Γ Γ ΓΓ

′ ′Γ
Ψ η Φ + Φ∑   

  (22) 
where { }n SMΓΦ  are bare wave functions for { }n  configu-
ration and the summation runs both on different configura-
tions and different orbital Γ  states; 

 
1/2

2{ }
{ } { }

{ } ={ },
= 1 n SS

n n S
n n

c
−

′ ′ΓΓ
Γ

′ ′Γ

⎛ ⎞
⎜ ⎟η +
⎜ ⎟
⎝ ⎠

∑  (23) 

is a normalization factor. If we neglect the overlap inte-
grals, the probability amplitudes for configurations coupled 
by a single p–d transfer are defined by the ratio of the ge-
neralized p–d transfer integrals and the p–d transfer energy 
as follows: 

011 110 110 020 200
101 101 020 110 110| | | | | | | | | |,... | |pd

pd

t
c c c c c

Δ
∼ ∼ ∼ ∼ ∼ , 

while the probability amplitudes, or hybridization parame-
ters for configurations coupled by a two-step p–d transfer, 

such as 200 020 002
101 101 101, ,c c c  are on the order of 2| |pd

pd

t
Δ

. 

Formally, the 101 → 011(110) and 101 → 002(200) CT 
transitions may be attributed to p–d and d–d charge trans-
fer, respectively. However, the configuration interaction 
due to the charge transfer and overlap do result in that both 
types of the CT transitions are accompanied by a charge 
redistribution all over the three centers. Furthermore, a 
novel type of p2–dd CT transitions 101 → 020 does 

emerge due to a mixing of all the 101, 110, 011, 020 confi-
gurations in the initial and final states. Obviously, the main 
contributions to dipole transition matrix elements for p–d, 
d–d, and p2–dd CT transitions are proportional to  

pd

pd

t
Δ

, 2| |pd

pd

t
Δ

, and 2| |pd

pd

t
Δ

, 

respectively. Accordingly, the spectral weights for the di-
pole allowed p–d, d–d, and p2–dd CT transitions are 

2 4 4

2; ; ,pd pd pd
p d d d p ddpd pd pd

t t t
SW SW SW− − −

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
∝ ∝ ∝⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟Δ Δ Δ⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 

respectively. 
Interestingly, all the dipole-allowed CT transitions obey 

the = 0SΔ  spin-selection rule, however, the dipole transi-
tion matrix elements depend on the total spin S due to a 
spin (S) dependence of the energy denominators in the 
probability amplitudes and so in the normalization factors, 
particularly due to a contribution of 200, 020, and 002 two-
hole on-site configurations. Indeed, for such configurations 
the spin-singlet and spin-triplet terms are usually separated 
by a large energy gap. In general, the spin-dependent part 
of the electric dipole moment operator acting in the basis 
of the three-site wave functions can be written as follows  

 1 2
ˆ ˆ ˆ ˆ= ( ).s ⋅P s sΠ  (24) 

Such a spin operator for a transition dipole moment was 
firstly introduced by Sugano et al. [24] to explain so-called 
magnon side-bands in the optical absorption spectra of 
magnetic crystals. Simple estimates yield 

3

| | pd

pd

t⎛ ⎞
∝ ⎜ ⎟⎜ ⎟Δ⎝ ⎠

Π  and 
2

| | pd

pd

t⎛ ⎞
∝ ⎜ ⎟⎜ ⎟Δ⎝ ⎠

Π  

for p–d and d–d CT transtions, respectively. In other 
words, the spin-dependent part of the spectral weight for 
both transitions appears to be of the same order: 

4

spin
pd

pd

t
SW

⎛ ⎞
∝ ⎜ ⎟⎜ ⎟Δ⎝ ⎠

. It should be noted that the spin-

dependent part of the spectral weight in the three-site two-
hole cluster can be written as follows:  
 spin triplet singlet 1 2ˆ ˆ= ( )( ),SW SW SW− ⋅s s  (25) 

if to take into account that 

 2
1 2 1 2

3 1ˆ ˆ ˆ ˆ( ) = ( ).
16 2

⋅ − ⋅s s s s   

From this reasoning we may conclude that, in contrast to a 
clue point of papers by Kovaleva et al. [45,46], the both 
dipole-allowed d–d and p–d CT transtions in RMnO3 with 
corner-shared MnO6 octahedra are equally sensitive to the 
temperature-dependent spin correlations, only with a dif-
ferent relative change of the optical response through the 
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onset of the magnetic order, relatively large for the former 
and relatively small for the latter. 

3.4. Two-center d–d CT transitions in manganites 

The inter-center d–d CT transition in manganites  

 9 9 8 10
6 6 6 6MnO MnO MnO MnO− − − −+ → +  (26) 

implies the creation of the hole 8
6MnO −  and electron 

10
6MnO −  centers with electron configurations formally 

related to Mn4+ and Mn2+, respectively. The HS one-
particle d–d CT transition driven by –g ge e  transfer can be 
written as follows:  

 9 3 4 1 5 9 3 4 1 5
6 2 2 6 2 2MnO ( ; ; ) MnO ( ; ; )g g g g g g g gt A e E t A e E− −+ →  

8 3 4 10 3 4 2 3 6
6 2 2 6 2 2 2 1MnO ( ; ) MnO ( ; ; : ).g g g g g g gt A t A e A A− −→ +   

  (27) 
The transition energy Δ  for such an anti-Jahn–Teller tran-
sition is defined as follows: 

 = JT d ddU VΔ Δ + −  (28) 

that points to its dependence on the structural parameters 
(see (8)). 

The energies of different d–d CT transitions 
1 11 2 1 2n n n nd d d d− +→  can be easily derived using the prop-

er Tanabe–Moriya diagrams for the 11nd −  and 12nd +  confi-
gurations. For instance, the low-energy HS ( )– ( )g gd e d e  

CT transition 5 5 4 6
2 1g g g gE E A A→  (27) sets up a rather wide 

band of the LS 5 5 4 4
2 2g g gE E A→ Γ  ( )– ( )g gd e d e  CT tran-

sitions ( 4 4 4 4 4 4 4
2 1 2( = , ( ), ( ), ( ))g g g gA E G E D A FΓ with the 

energy separations (given a cubic symmetry):  

 4 4 4
1( , ( )) = 10 5 ;g gE A E G B CΔ +   

 4 4( ( )) = 17 5 ;gE E D B CΔ +   

 4 4
2( ( )) = 22 7 ,gE A F B CΔ +   

which do not depend on the crystal field splitting parame-
ter Dq  and do scarcely vary from one compound to anoth-
er that makes the transitions to be important optical signa-
tures of the ( )– ( )g gd e d e charge transfer. Making use for 
the Racah parameters the numerical values typical for free 
Mn2+ ion: B = 0.12; C = 0.41 eV, we arrive at three LS 

( )– ( )g gd e d e CT bands separated from the low-energy HS 
( )– ( )g gd e d e CT band by 3.2, 4.1, and 5.5 eV, while from 

experimental optical spectra for MnO [39] we obtain 
slightly lower energies: 2.8, 3.8, and 5.1 eV, respectively. 

It should be noted that the intra-atomic electron-

electron repulsion does mix the 2 11 1 212 ; ;n S n
ggt e+ Γ

2 1 2 12 2 :S S+ +Γ Γ  states with different configurations and/or 

different intermediate momenta 1,2 1,2,S Γ  but the same 

crystal terms 2 1S+ Γ . This point is of a great importance 
for 4 4( )gE G  and 4 4( )gE D terms of Mn2+ which are a re-
sult of the interaction of two bare terms: 

3 4 2 1 4
2 2; ; :g g g gt A e E E  and 3 2 2 3 4

2 2; ; :g g g gt Ee A E , repectively. 

It is worth noting that only the former 3 4 2 1 4
2 2; ; :g g g gt A e E E  

term is active in the ( )– ( )g gd e d e charge transfer, which 
does not affect the 2gt  subshell. 

The wave functions for 4 4( )gE G  and 4 4( )gE D
 
terms 

can be written as follows:  

 4 4 4 1 4
2( ( )) = cos ( ; : )g g g gE D A E EΨ αΨ +   

 + 2 3 4
2sin ( ; : )g g gE A EαΨ   

 4 4 4 1 4
2( ( )) = sin ( ; : )g g g gE G A E EΨ αΨ −   

 2 3 4
2cos ( ; : ),g g gE A E− αΨ  (29) 

where tan 2 = 4 3α , and 41 .α ≈ D  In other words, the 
both terms are almost equally involved in the 

( )– ( )g gd e d e charge transfer under consideration. 
In the 3≈  eV gap in between the low-energy HS and 

LS ( )– ( )g gd e d e CT transitions one may observe a rela-
tively weak low-energy HS 2( )– ( )g gd t d e  CT transition 
5 5 4 6

2 1g g g gE E T A→  at the energy 10DqΔ +  and low-

energy LS 2( )– ( )g gd t d e  CT transitions 5 5
g gE E →  

4 4
2 1 ,g gA T→ 4

2gT  anticipated at the energies Δ + 21 eV and 
2.4Δ +  eV, respectively [39]. Spectral weights for both 

transitions are determined by 2 2– ( – )g g g gt e e t  transfer 
integrals which are believed to be relatively small as com-
pared with large –g ge e  transfer integrals. 

3.5. Two-center d–d CT transitions in ferrites 

A two-center d–d CT transition in iron oxides with 
Fe3+O6 octahedra  

 9 9 10 8
6 6 6 6[FeO ] [FeO ] [FeO ] [FeO ]− − − −+ → +  (30) 

implies the creation of electron 10
6[FeO ] −  and hole 

8
6[FeO ] −  centers with electron configurations formally re-

lated to Fe2+ and Fe4+ ions, respectively. Two-center d–d 
CT transitions from the initial 3+ 3 2 6

6 2 1Fe O ( ) :g g gt e A  states 
can be directly assigned to ,g ge e→  2 ,g ge t→  

2 ,g gt e→  and 2 2g gt t→  channels with final configura-
tions and terms  

 3 1 5 3 3 5
2 2: ; ; ,g g g g g g g ge e t e E t e E→ −   

 3 1 5 4 2 5
2 2 2 2: ; ; ,g g g g g g g ge t t e E t e T→ −   
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 2 2 5 3 3 5
2 2 2 2: ; ; ,g g g g g g g gt e t e T t e E→ −   

 2 2 5 4 2 5
2 2 2 2 2 2: ; ; .g g g g g g g gt t t e T t e T→ −  (31) 

In the framework of high-spin configurations the 
2 ,g ge t→  CT transition has the lowest energy 

2
= e tg g−Δ Δ , while the ,g ge e→ 2 2 ,g gt t→  and 

2 ,g gt e→  transitions have the energies 610 (3 )Dq dΔ + , 
410 (3 )Dq dΔ + , and 6 410 (3 ) 10 (3 )Dq d Dq dΔ + + , re-

spectively. The transfer energy in the Fe3+-based ferrites 
for the 2g ge t→  CT transition  

 Fe Fe
2

= 28 10e tg g
A B Dq−Δ + −   

can be compared with a similar quantity for the g ge e→  
CT transition in Mn3+-based manganite LaMnO3  

 Mn Mn = 8 ,JTe eg g
A B−Δ − + Δ   

where JTΔ  is the Jahn–Teller splitting of the ge  levels in 

manganite. Given B ≈ 0.1 eV, Dq ≈ 0.1 eV, 0.7JTΔ ≈  eV, 
Fe Fe 2.0e eg g
−Δ ≈  eV (see, e.g., Ref. 45) we get 2.0A ≈  eV, 

Fe Fe
2

4.0e tg g
−Δ ≈  eV. In other words, the onset of the d–d CT 

transitions in Fe3+-based ferrites is strongly ( 2∼  eV) 
blue-shifted as compared to the Mn3+-based manganite 
LaMnO3. 

Another important difference between ferrites and 
manganites lies in the opposite orbital character of initial 
and final states for the d–d CT transitions. Indeed, the low-
energy 4 4 3 5d d d d→  CT transition in manganites implies 
an orbitally degenerate Jahn–Teller initial state 5 5

g gE E  
and an orbitally nondegenerate final state 4 6

2 1g gA A  while 
the low-energy 5 5 4 6d d d d→  CT transitions in ferrites 
imply an orbitally nondegenerate initial state 6 6

1 1g gA A  and 
an orbitally degenerate Jahn–Teller final states such as 
5 5

g gE E  for g ge e→  or 5 5
2g gE T  for 2g ge t→  CT transi-

tions. An unconventional final state with an orbital de-
generacy on both sites, or Jahn–Teller excited states may 
be responsible for the complex multi-peak lineshape of the 
d–d CT band in ferrites. 

4. Charge transfer spectroscopy of manganites: 
experimental data and discussion 

Manganese oxides on the basis of Mn3+ (3d4 state) and 
Mn4+ (3d3 state) ions hold a distinguished position among 
known multiferroics. Orthorhombic perovskite-type man-
ganites RMnO3 (R = La–Dy) with the Jahn–Teller Mn3+ 
ions and hexagonal manganites RMnO3 (R = Y, Dy–Lu) 
became the most popular objects for the studies of the gi-
gantic magnetoelectric effect and strong dielectric ano-

malies at the magnetic phase transitions. A lot of attention 
have been devoted in the recent years to the orthorhombic 
mixed-valent Mn3+–Mn4+ manganites RMn2O5 (R = Tb, 
Dy, et al.) where giant magnetoelectric effects have been 
also observed. Hereafter, in the Section, we report the re-
sults of experimental investigations of optical response for 
single crystalline samples of manganites aimed to study the 
CT transitions, optical anisotropy, and uncover electronic 
states as potential contributors to giant multiferroicity. A 
discussion of the experimental data has been done in 
frames of the cluster theory of p–d and d–d CT transitions. 

4.1. Perovskite manganites RMnO3 

Virtually all the experimental optical data available for 
manganites are focused on LaMnO3. Except for paper by 
Kim et al. [47] on the absorption spectroscopy of thin films 
of RMnO3 (R = La, Pr, Nd, Gd, Tb), there has been no 
effort to perform a comparative study of the optical re-
sponse for different rare-earth perovskite manganites. The 
optical conductivity spectrum of LaMnO3 exhibits two 
broad intensive bands centered around 2.0 and 4–5 eV 
[40,41,48,49]. However, it has remained unclear just what 
the nature of the related electron-hole excitations. Some 
authors [41,48,49] assign these both features to the dipole-
allowed p–d CT transitions like 3 1 3 2

2 2g g g gt e t e L−  and 
3 1 4 1
2 2g g g gt e t e L−  ( L  denoting a ligand hole), respectively. 

However, others [40] assign the low-energy band to the 
«intra-atomic» 5 5

g gE E′−  transition, or doubly-forbidden 
(parity and orbital quasimomentum) d–d-like crystal-field 
transition between two 5Eg-sublevels separated by a split-
ting due to a low-symmetry crystalline field. Both interpre-
tations being particularly qualitative suffer from many 
shortcomings and give rise to many questions concerning 
the details of the charge transfer states or expected ex-
tremely weak intensity for the d–d crystal field transitions. 
Pronounced temperature rearrangement of the optical spec-
tral weight both for low- and high-energy bands was unco-
vered by Quijada et al. [50]. These authors were seemingly 
the first who made a valid conclusion that the dominant 
contribution to the optical spectral weight of the conductiv-
ity peak at 2.0 eV is provided by the CT hopping between 
nearest-neighbor manganese ions, or inter-site d–d CT 
transitions. 

First ellipsometry measurements for the single crys-
talline LaMnO3 samples were performed by Loshkareva et 
al. [51] at room temperature and for the spectral range of 
1.0–5.0 eV. Later on the ellipsometry measurements were 
performed for an untwined crystal of LaMnO3 by Kovale-
va et al. [45,46] in a wide temperature range. The authors 
have presented a detailed quantitative analysis of the pro-
nounced redistribution of the spectral weight near the Néel 
temperature. They concluded that the low-energy optical 
band around 2 eV consists of three distinct bands all as-
signed to intersite d–d CT transitions, and that LaMnO3 is 
a Mott–Hubbard rather than a charge transfer p–d insulator 
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as argued earlier (see, e.g., Refs. 34, 43). A similar inter-
pretation of spectral features near 2 eV observed in multi-
ferroic TbMnO3 was reported very recently by Bastjan et 
al. [52]. Many researchers [43,45,46,53,54] pointed to a 
fine sub-peak structure of the low-energy 2 eV band. Early 
optical transmission spectra of the LaMnO3 films [53] re-
vealed a fine structure with two features near 1.7 and 2.4 
eV, respectively, which were assigned to the Mn3+ d–d 
crystal-field transition 5 3

1 ,g gE T−  split by the JT effect. Up 
to this point, there has been little effort to understand this 
sub-peak structure. Such an ambiguity leaves the question 
of the nature of the main optical transitions and low-lying 
electron states in RMnO3 far from being resolved. 

Figure 4 shows the 1ε  and 2ε  room temperature spectra 
of LaMnO3 we measured for light polarization E || a-axis. 
The optical spectra are interesting in several aspects. First 
of all, as in many earlier works on LaMnO3, we clearly see 
two intensive and rather broad optical features peaked at 
around 2 and 5 eV, respectively. The broad 2 eV band ex-
hibits strong anisotropy, it is hardly visible at E || c-axis 
polarization [45,46,55]. As expected, our measurements 
together with data for LaMnO3 [45,46,51] and RMnO3 
(R = Nd, Pr, Sm, Eu) [55] have uncovered many subtle 
features missed in earlier optical experiments on parent 
manganites. First, the comparative analysis of the 1ε  and 

2ε  spectra allows us to unambiguously conclude that the 
2 eV feature is composed of a single intensive and rather 
broad band peaked at 2.0 eV for LaMnO3, and several rela-
tively weak and narrow bands peaked nearly equally for all 
the manganites at 1.3, 1.9, 2.3, 2.7 eV ( ),abε  respectively 
[55]. This observation immediately points to different na-
ture of both features at variance with Kovaleva et al. [45] 
who addressed the 2 eV feature in LaMnO3 to consist of 
three distinct bands, peaked at 1.95, 2.35, 2.70 ( 2abε , T = 
= 300 K) each attributed to inter-site d–d CT transitions. 

As regards the high energy spectral feature peaked at 
around 5 eV one should note its hardly visible composite 

structure with as minimum three rather intensive bands 
which integral spectral weight for E || c-axis polarization 
seems to be slightly larger than for E ⊥ c-axis polarization. 

In Fig. 4 we have presented the results of a semi-
quantitative analysis of the spectra in the energy range 
covered by our experiment based on a dispersion analysis 
of the complex dielectric function ε, which was fitted by a 
set of 7 Lorentzian oscillators. It is worth noting, that the 
Lorentzian fitting should be made with a great care be-
cause of several points. First of all, the Lorentzian function 
is a clear oversimplification for complex line-shapes result-
ing from an interplay of the electron-lattice interaction and 
excitonic band effects. Second, it is worth noting the in-
creased uncertainties both of the measurement and, accor-
dingly, of the analysis close to the low- and high-energy 
cutoffs of our experiment. It should be noted that the re-
sults of the Lorentzian fitting for the 1ε  near 2 eV optical 
feature rather than 2ε  are quite robust to the assumptions 
related with the transitions beyond the energy range. All 
the oscillators particularly visible in RMnO3 (R = Nd, Pr, 
Sm, Eu) [55] can be sorted into three groups assigned to: 
i) an intensive and broad band peaked at 2.2 eV, ii) weak 
and narrow bands peaked at 1.3, 1.9, 2.3, 2.65 eV, forming 
a fine structure of 2 eV band, and iii) intensive bands 
peaked at 3.0, 3.9, 4.65, 5.3 eV, forming a broad spectral 
feature peaked at around 4–5 eV. Both the spectral weight, 
polarization properties, and temperature behavior 
[45,46,50] of the intensive and broad 2 eV band in all the 
manganites investigated point to its inter-site d–d CT cha-
racter, or strictly speaking, to the low energy HS g ge e−  
CT transition. Such a conclusion is strongly supported by 
proper quantitative estimates [45,46,56]. 

The intensity and energy position of four narrow bands 
forming the fine structure of 2 eV feature agree surp-
rizingly well with the theoretical predictions (see Sec. 2 
and Ref. 34) for the forbidden 1 ( )g gt eπ →  and weakly-
allowed 2 ( )u gt eπ →  one-center p–d CT transitions split-
ted by a near tetragonal crystal field. The relative sharp-
ness of all the weak p–d CT bands agrees with a localized 
character of nonbonding oxygen O2pπ orbitals. The most 
intensive and broad high-energy band modeled by four 
Lorentzians peaked at 3.0, 3.9, 4.65, and 5.3 eV [55] can 
be unambiguously assigned to the one-center dipole-
allowed p–d CT transitions: 1 ( ) ( ),u gt eπ − π−σ  

2 2( ) ( ) ,u gt tπ − π−π  1 ( ) ( )u gt eσ − σ−σ  transitions, respec-
tively, with a hardly resolved low-symmetry splitting for 
the most intensive and broad bands. 

It is worth noting that the assignment of p–d and d–d 
CT transition is of great importance for ZSA (Zaanen, Sa-
watzky, and Allen [57]) classification scheme usually ap-
plied for strongly correlated 3d compounds. As concerns 
the ZSA classification for perovskite manganites the situa-
tion seems to be far from being resolved. The parent com-
pound LaMnO3 is sorted either into the charge transfer insu-
lator [43,48] or the Mott–Hubbard insulator [45–47,50,54]. 

Fig. 4. Spectral dependencies of the real and imaginary parts of
the dielectric function aaε  for orthorhombic LaMnO3. 
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Interestingly, that in the study by Arima et al. [48] LaMnO3 
is addressed to be located in the vicinity of the borderline 
where the optical gap changes from the Mott gap to the 
charge transfer gap that implies its dual nature. Our theoreti-
cal analysis and experimental data support this conjecture 
and evidence a dual nature of the dielectric gap in perovskite 
manganites RMnO3, being formed by a superposition of p–d 
CT transitions and inter-site d–d CT transitions. In fact, the 
parent perovskite manganites RMnO3 should rather be 
sorted neither into the CT insulator nor the Mott–Hubbard 
insulator in the ZSA scheme. 

4.2. Hexagonal manganites RMnO3 

In the hexagonal phase of RMnO3, each Mn ion occu-
pies an unusual position formed by three in-plane and two 
apical oxygen ions fresulting in a MnO5 trigonal bipyramid 
[58]. The crystal structure can be roughly represented by 
corner-shared MnO5 bipyramids, which form a Mn3+ tri-
angular lattice along the ab plane. However, there is an 
additional distortion because three MnO5 bipyramids are 
tilted towards the oxygen ions at the center. 

All the molecular orbitals in MnO5 bipyramids with 
D3h symmetry can be classified on 1,a  2 ,a′  2 ,a′′  ,e′  and 
e′′  representations of the D3h point group. Five 3d orbitals 
of the Mn3+ ion form a basis of 21( ),za d∝  ,( ),xz yze d′ ∝  

and 2 2,( )xy x ye d −
′′ ∝  representations. Nine in-plane oxy-

gen O2p atomic orbitals form both σ-type 21( )za d∝ , 

2 2,( )xy x ye d −
′′ ∝  and π-type 2,a′  2 ( ),za p′′ ∝  ,( ),xz yze d′ ∝  

2 2,( )xy x ye d −
′′ ∝  molecular orbitals. Six apical oxygen 

O2p atomic orbitals form σ-type 21( )za d∝ , 2 ( )za p′′ ∝  

and π-type ,( ),x ye p′ ∝  ,( )xz xze d′′ ∝  molecular orbitals. It 
is worth noting that all these orbitals do not have odd or 
even parity, that strongly affects the selection rules for 
electromagnetic transitions. All the orbitals with the same 
symmetry hybridize with each other thus forming bonding 
and antibonding molecular orbitals. The energy of the anti-
bonding d-type singlet 21( )za d  in hexagonal RMnO3 

turns out to be always the highest in energy because name-
ly this orbital is expected to be unoccupied for the high-
spin state of Mn3+ ion. The energy of antibonding d-type 
doublet 2 2,( )xy x ye d −

′′ ∝  is higher than that of the 

,( )xz yze d′  doublet [59]. The selection rules for the dipole-

allowed transitions to 21( )za d  state imply the initial 

2 ( )za p′′ ∝  orbital for E c&  polarization and ,( )x ye p′′ ∝  
orbital for ⊥E c  polarization, respectively. In other words, 
one should expect two dipole-allowed transitions for E c&  
polarization and four dipole-allowed transitions for ⊥E c  
polarization. 

The spectra of the real xxε  and the imaginary zzε  
components of the dielectric tensor for yttrium manganite 
YMnO3 are shown in Fig. 5 [60]. They are characterized 
by strong optical anisotropy in the entire spectral region 
under study. Strong suppression of the spectral weight for 
the narrow absorption band at 1.6 eV in 2

zzε  as compared 
with 2

xxε  and also the emergence of a wide absorption 
band at 3.5 eV in 2

zzε  should be specially noted Below 
1.2–1.3 eV, the absorption drops to zero, which is in 
agreement with the direct transmission measurements of the 
absorption spectrum. An abnormally intense and narrow 
absorption band of 2

xxε  in the region of 1.6 eV is the most 
pronounced feature of the spectra. This band exhibits 
asymmetry, and its decomposition demonstrates the occur-
rence of at least two components. The absorption in the re-
gion above 2.2–2.4 eV increases with increasing photon 
energy, and a broad absorption peak is observed in the ener-
gy region of 4.6–4.8 eV both in xxε  and zzε . 

Similar results were reported for YMnO3 and other 
hexagonal manganites (see, e.g., ScMnO3 and ErMnO3 
[60], LuMnO3 [61], GdMnO3, TbMnO3, DyMnO3, 
HoMnO3 [59]). 

There has been a debate on the origin of the sharp opti-
cal transition at 1.6 eV for ⊥E c  polarization. One inter-
pretation is that it comes from the charge transfer transition 
from the O2p to the Mn3d states [60,62,63]. The PES 
study [63] suggested that the highest occupied level has 
mainly O2p character, while the unoccupied level has 

Fig. 5. Spectral dependences of the real and imaginary parts 
(dotted and solid lines, respectively) of the dielectric functions 

xxε  (a) and zzε  (b) for hexagonal YMnO3. 
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Mn3d character. Other Mn3d states in the valence band are 
located at much lower energy, so that they cannot contri-
bute to the optical transition at 1.6 eV. The other interpre-
tation is that this peak comes from the on-site d–d transi-
tion 2 2 21,( ) ( )xy x y ze d a d−

′′ → ∝  between the Mn3d levels 

[61]. However, the p–d nature of the sharp 1.6 eV absorp-
tion peak seems to be more reasonable. It is supported both 
by its strong spectral weight typical for dipole-allowed p–d 
CT transitions and by different LDA+U calculations 
[59,62]. The band can be assigned to the interband optical 
CT transition from the high-energy predominantly in-plane 
oxygen O2p π-type bonding state ,( )x ye p′′ ∝  to the unoc-

cupied 21( )za d∝  Mn state. In such a case the strong and 

broad band above 5 eV can be assigned to the interband 
optical CT transition from the low-energy predominantly 
in-plane oxygen O2p σ-type bonding state ,( )x ye p′′ ∝  to 

the same unoccupied 21( )za d∝  Mn state. 

The p–d nature of 1.6 eV band is supported by the tem-
perature effects. Indeed, the 1.6 eV optical feature has a 
large blueshift of (≈ 0.15 eV) [61] associated with the anti-
ferromagnetic short range spin correlations which can be 
ascribed to the effects of the strong p–d exchange interac-
tion in the p–d CT state. The intersite d–d interpretation as 
a charge transfer transition between Mn neighbors is ruled 
out because the spin dependence of the charge transfer 
matrix elements would lead to a strong temperature depen-
dence of its oscillator strength which is not observed. 

The relatively weak optical feature at 1.8 eV in zzε  
spectra is obviously related with small distortions of MnO5 
bipyramid which make the 2 2 21,( ) ( )xy x y ze d a d−

′′ → ∝  

transition dipole-allowed for E c&  polarization. At the 
same time the distinctly visible band at 3.5 and 5 eV can be 
attributed to CT transitions 22 1( ) ( )z za p a d′′ ∝ → ∝  from 

2a′′  orbitals formed by the in-plane and apical oxygen O2p 
states, respectively. 

To date, the optical transitions that involve an empty 
d-electronic state have been attributed to either d–d or p–d 
transitions. Strictly speaking, such simple interpretations 
are not suitable for explaining the electronic structure 
of hexa-RMnO3 materials. Due to the strong hybridized 
nature of the occupied states, we cannot attribute the opti-
cal transition in the hexagonal phase simply to strict d–d or 
p–d transitions. Instead, the optical transitions in hexa-
RMnO3 should be regarded as an interband charge transfer 
excitation from the oxygen states strongly hybridized with 
Mn 3d of the same symmetry to the Mn 21( )za d∝  state. 

4.3. Orthorhombic manganites RMn2O5 

The mixed-valent compounds RMn2O5 crystallize in an 
orthorhombic structure, space group Pbam  [64,65]. The 
Mn4+O6 octahedra share edges forming infinite chains 
along the z axis. Every two Mn3+O5 pyramids, doubly 

linked by oxygens, form a dimer unit Mn2O10. Four 
Mn4+O6 octahedra chains are linked by a dimer unit in the 
xy planes through two oxygen ions. The fourfold symmetry 
axis in the Mn3+O5 pyramids lies in the xy plane at an an-
gle of about ± 24° to the x axis. 

Figure 6 shows 1ε  (a) and 2ε  (b) room temperature 
spectra of TbMn2O5 for all three main light polarizations 
[25]. The most intensive optical absorption (see 2ε  spec-
tra) is observed for light polarization along the z axis while 
the less intensive is observed for light polarization along 
the x axis. This strong optical anisotropy gives rise to a 
giant linear dichroism and birefringence. The lowest ener-
gy oscillator distinctly seen in the x polarization at the 
energy 1.7 eV defines the absorption edge near 1.4 eV. The 
visibly split oscillator at 2.26–2.38 eV is distinctly seen in 
all polarizations. The strongest band of 2 10zε ≈  is located 
at 3.0 eV while for the two other polarizations it is several 
times weaker. A slightly weaker peak of 2 8yε ≈  is found 
at 3.5 eV. A relatively weak maximum of 2 3xε ≈  is re-
vealed at 5.0 eV. The band at 3.4–3.5 eV is most intensive 
in the y  polarization while that at 3.9–4.0 eV is equally 
intensive both in the y and z polarizations. However, it is 
hardly distinguishable for the x polarization. The band at 
5.0–5.4 eV is distinctly visible only in the x  polarization, 
whereas for the two other polarizations it forms a structure-
less broad feature. 

Fig. 6. Real 1ε  (a) and imaginary 2ε  (b) parts of the dielectric 
function in TbMn2O5. Arrows show positions of Lorentzian 
oscillators. 
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Intensive and broad bands observed in TbMn2O5 point 
to the p–d and d–d charge-transfer transitions as a main 
mechanism of optical response. A semiquantitative de-
scription of the p–d CT transitions in octahedral Mn4+O6 
centers of RMn2O5 can be done with the use of a diagram 
of molecular orbitals and energies shown in Fig. 1 and the 
model theory presented in Sec. 2. 

For the Mn3+ sublattice in TbMn2O5 we should consid-
er strong parity-breaking effects and tetragonal distortions 
due to the fivefold pyramidal oxygen surrounding. Never-
theless, the scheme in Fig. 1 may be used for a qualitative 
analysis of p–d CT transitions in Mn3+O5 pyramids as 
well. The most important impact of the tetragonality con-
sists in a large 2 2 2–z x yd d −  splitting due to a strong de-

crease of the 2zd -level energy. The splitting can be esti-

mated to be on the order of 1 eV. In addition, we deal with 
a strong rearrangement of electron states for nearby oxy-
gen ions. In order to take into account this rearrangement 
careful band-like calculations are necessary. Nevertheless, 
simple symmetry considerations allow us to obtain very 
instructive information regarding the polarization proper-
ties of the p–d CT transitions in MnO5 pyramidal clusters. 
Let us address the polarization properties of the main di-
pole-allowed one-center p–d CT transition 1 ( )u gt eσ → . 

The 2 21 , ( )ux y x yt d −σ →  transition is allowed only for the 

light polarized within the basal plane of MnO5 pyramids, 
while the 21 ( )uz zt dσ →  transition is allowed only for the 

light polarized along the local tetragonal axis of the MnO5 
pyramids. The former transition generates the absorption 
band with polarization properties in the crystal xyz  coor-
dinates as follows: 

 2 2: : = sin : cos :1 = 0.16 : 0.84 :1.00,x y zSW SW SW θ θ   

  (32) 

where , ,x y zSW  is a spectral weight for the respective light 
polarization, 24θ ≈ ± D  is the angle between tetragonal axis 
of MnO5 pyramids and the crystal x axis. The latter transi-
tion generates the absorption band with polarization prop-
erties as follows: 

 2 2: : = cos : sin : 0 = 0.84 : 0.16 : 0.x y zSW SW SW θ θ   

  (33) 

The both Eqs. (32) and (33) can be used for a reliable 
assignment of the p–d CT transitions in the Mn3+O5 pyra-
mids. We should note that the integral spectral weights for 
the one-center p–d CT transitions in octahedral MnO 8

6
−  

and pyramidal MnO 7
5
−  centers are expected to be of com-

parable magnitudes. 
In the mixed-valent manganites RMn2O5 there are four 

types of the two-center d–d CT transitions. The d–d CT 
transitions in Mn3+–Mn3+ pairs, or dimer units Mn2O10,  

 7 7 8 6
5 5 5 5MnO MnO MnO MnO− − − −+ → +  (34) 

imply the creation of electron MnO 8
5
−  and hole MnO 6

5
−  

centers with electron configurations 3 2
2g gt e  and 3

2gt , for-
mally related to Mn2+ and Mn4+, respectively. The high-
spin d–d CT transition can be represented as follows: 

 7 3 1 5 7 3 1 5
5 2 5 2MnO ( ; ) MnO ( ; )g g g g g gt e E t e E− −+ →   

 8 3 2 6 6 3 4
5 2 1 5 2 2MnO ( ; ) MnO ( ; ).g g g g gt e A t A− −→ +  (35) 

These transitions are only allowed if the polarization vec-
tor of the incident light E lies within the xy plane. The d–d 
CT transitions in Mn4+–Mn4+ pairs imply the creation of 
electron MnO 9

6
−  and hole MnO 7

6
−  centers with electron 

configurations 3 1
2g gt e  and 2

2gt , formally related to Mn3+ 

and Mn5+, respectively. The high-spin d–d CT transition 
can be represented as follows:  

 8 3 4 8 3 4
6 2 2 6 2 2MnO ( ; ) MnO ( ; )g g g gt A t A− −+ →   

 9 3 1 5 7 2 3
6 2 6 2 1MnO ( ; ) MnO ( ; ).g g g g gt e E t T− −→ +  (36) 

These transitions are allowed only if E is parallel to the z 
axis. The two types of the d–d CT transitions in Mn4+–
Mn3+ pairs imply the creation of electron MnO 9

6
−  and hole 

MnO 6
5
−  centers with electron configurations 3 1

2g gt e  and 3
2 ,gt  

formally related to Mn3+, and Mn4+ or electron MnO 8
5
−  

and hole MnO 7
6
−  centers with electron configurations 

3 2
2g gt e  and 2

2gt , formally related to Mn5+ and Mn2+, re-
spectively. Interestingly, the transfer energy in the former 
transition does not depend on the dd correlation parameter 
Ud, whereas the latter transition energy includes 2Ud. At va-
riance with the first two types of d–d CT transitions these are 
polarized in a more complicated way. As regards the quantit-
ative estimates of the spectral weight for the d–d CT transi-
tions in TbMn2O5 we expect several times weaker effects 
than those in LaMnO3 due to respective scale of spin order-
ing temperatures and exchange integrals. 

Turning to a comparison of theoretical predictions with 
our experimental data we should first point to an obvious 
relation 

 2 2 2< < ,x y zε ε ε   

which holds almost over the whole spectral range under 
study. This unambiguously points to the one-center p–d CT 
transitions to the final 2 2x yd −  state in MnO5 pyramid as 

main contributors to the spectral weight. First, the spectral 
weights , ,x y zSW  obey nicely the ratio (32). The strongest 
band peaked near 3–4 eV may be attributed to the 

2 21 , ( )ux y x yt d −σ →  transition. It should be noted that the 

line shape of the band actually depends on the rhombic 
distortions of Mn3+O5 pyramids lifting the 1 , ( )ux yt σ  dege-
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neracy. Second, we do not see sizeable contributions of 
any two-center d–d CT transitions which are remarkable 
for their polarization properties. Third, the one-center p–d 
CT transitions in Mn4+O6 octahedra, being remarkable for 
the weak optical anisotropy, are likely displayed as a rather 
wide band peaked near 5 eV. It distinctly shows up in 2xε  
where the Mn3+O5 pyramid contribution is strongly sup-
pressed. Below main p–d CT bands we find several weak 
bands which may be related both to a number of weakly 
allowed p–d CT transitions and d–d CT transitions, which 
distinct assignment needs an additional experimental study. 

5. Charge transfer spectroscopy of iron oxides 

Experimental and theoretical investigations of the elec-
tronic structure of multiferroic BiFeO3 and related iron 
oxides, in particular, the CT transitions, the band gap and 
in-gap states are of great importance for both a better 
scientific understanding as well as potential technological 
applications. Hereafter we report results of a comparative 
experimental spectroscopic study of the dielectric function 
of BiFeO3 and several other related Fe3+ iron oxides with 
perovskite and more complicated crystal structures, and 
discuss the possible role of the p–d and d–d CT transitions. 

5.1. Experimental data 

5.1.1. Fe3+ ions in octahedral positions 

Bismuth ferrite BiFeO3. A large amount of literature 
has been published in recent years concerning the physical 
properties of bulk crystals and thin films of BiFeO3, see, 
e.g., the most recent papers and references therein [18–20]. 
The experimental observations along with recent theoreti-
cal predictions of important electronic contributions to the 
multiferroic properties are a strong motivation for more 
detailed studies of its electronic structure. Very recent ex-
perimental studies [21,66,67] of BiFeO3 are focused on the 
characterization of the band gap and near-band-gap states 
[19,20]. 

In the bulk form BiFeO3 has a rhombohedrally distorted 
cubic perovskite cell and belongs to the 3R c  space group 
[68–70]. Iron Fe3+ ions occupy noncentrosymmetric posi-
tions 6c with three short (1.952 Å) and three long (2.105 Å) 
Fe–O bonds. Fe3+ ions are shifted along the threefold axis 
by about 0.134 Å from the center of the oxygen octahedra. 
The antiferromagnetic ordering temperature TN = 643 K and 
the ferroelectric temperature TC = 1143 K [68]. 

There have been several measurements of the band gap 
of BiFeO3 using UV-visible absorption spectroscopy and 
ellipsometry on polycrystalline BiFeO3 films, epitaxial 
BiFeO3 films grown by pulsed-laser deposition, nanowires, 
nanotubes, and bulk single crystals. Reported band gap 
values vary from 2.5 up to 2.8 eV [19–21,71,72]. Recent 
transmittance [21,71], absorption and cathodolumines-
cence spectra [66] revealed a low-energy near-band-gap 
optical feature near 2.5 eV. This was attributed to defect 

states due to oxygen vacancies though Basu et al. [21] 
could not discern whether the feature was related to a low-
lying electronic structure or it had an excitonic character. 

Our ellipsometric measurements were done from po-
lished (001)-type surfaces with incident light polarizations 
along the [110], [110], and [100] directions. We observed 
optical anisotropy in the range of several percent but since 
the sample studied was most probably in a multidomain 
ferroelectric state we do not discuss it in this paper. We 
note that strong optical birefringence in BiFeO3 was re-
ported in Ref. 73. Figure 7,a shows the ,′ ′′ε ε  spectra of 
BiFeO3 [74]. Inset in Fig. 7,a shows the indices of absorp-
tion k  and refraction n . Two groups of strong CT transi-
tions are clearly seen around 3.0 and 4.0 eV. Note the en-
hanced structureless spectral weight in a wide range below 
the main CT bands with a remarkable smearing of the fun-
damental edge. The 2ε  value at 2.0 eV amounts almost to 

2 = 1.0ε  which is an order of magnitude larger than in 
many other ferrites. 

Orthoferrites. Orthoferrites ErFeO3 and Y0.95Bi0.05FeO3 
belong to the distorted perovskite-type structure with the 
space group Pbnm . There are four Fe3+ ions in the unit 
cell in the centrosymmetric octahedral positions 4b. The 
Néel temperature lies in the range of 650 K. The ,′ ′′ε ε  
spectra of ErFeO3 for three main polarizations shown in 
Fig. 8 are typical for the known spectra of orthoferrites 
RFeO3 [31,32]. Two groups of intense bands are distin-
guished around 3.0 and 4.0 eV.  

Spectra of orthoferrites differ from those of BiFeO3 
where the main bands are noticeably more intense, in par-

Fig. 7. (Color online) The dielectric functions and the contributing 
modes in BiFeO3 (a). Inset shows indices of absorption and refrac-
tion. The dielectric function in orthoferrite Y0.95Bi0.05FeO3 (b). 
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ticular the low-energy 3 eV band. This is well demonstrat-
ed in Fig. 7 where the optical spectra of the two perovs-
kites BiFeO3 and Y0.95Bi0.05FeO3 are compared. At the 
same time we see in Fig. 7,b that 5% substitution of Y for 
Bi does not produce any noticeable changes in the spectra 
of orthoferrites. 

Hematite α-Fe2O3..The hematite α-Fe2O3 is an iron 
oxide with the highest concentration of Fe3+ ions. The 
crystal structure is described by a rhombohedral space 
group 3R c . As in BiFeO3, the Fe3+ ions occupy non-cent-
rosymmetric positions 12c with three short (1.944 Å) and 
three long (2.113 Å) Fe–O bonds [75]. The Fe3+ ions are 
shifted along the threefold axis from the center of the oxy-
gen octahedra. Each FeO6 octahedron shares a face with 
another one in the layer above or below. High concentra-
tion and strong coupling between Fe3+ ions via oxygen ions 
leads to the high Néel transition temperature TN = 948 K. 
Below this temperature α-Fe2O3 is piezomagnetic. Figure 
9,a shows optical dielectric spectra of hematite for the in-
cident light polarization in the basal plane. The dielectric 
spectra for two principal polarizations in gallium-
substituted hematite α-Fe2–xGaxO3 are shown in Fig. 9,b,c. 
This material with x = 0.25 has the same trigonal crystal 
structure as hematite. General spectral features of these 
two materials are similar. 

Iron borate Fe3BO6. This material crystallizes in an 
orthorhombic-type structure [76,77]. The space group is 
Pnma with four formula units per unit cell. The iron Fe3+ 
ions are located on two octahedral nonequivalent 4c and 8d 
sites coordinated by six oxygen O2– ions. Both positions are 
strongly distorted in comparison to other ferrites. For 4c 
sublattice the Fe–O bond length varies from 1.865 to 
2.226 Å, for the 8d sublattice from 1.905 to 2.131 Å. Iron 
ions form antiparallel spin arrangements within and between 
sublattices and Fe3BO6 is an antiferromagnet below TN = 
= 508 K and a canted antiferromagnet below TC = 430 K. 

Optical spectra for three main polarizations are shown 
in Fig. 10,a,b,c. The strongest band at 3.06 eV is observed 
in the b polarization. In its general features the spectrum 
for this polarization looks similar to the hematite spectrum, 
see Fig. 9,a. The CT spectra for the a and c polarizations 
are less intense and resemble one another whereas the 
3.06 eV band is suppressed. The observed strong trich-
roism is related to the low symmetry on both iron sites 
[78]. We note that the Fe3BO6 spectra radically differ from 
the known spectra of other iron borates. Optical transitions 
in Fe3BO6 are noticeably more intense and the band gap is 
red-shifted in comparison to other borates, FeBO3 (TN = 
= 348 K) and GdFe3(BO4)3 (TN = 37 K) [79,80]. These 
borates are highly transparent in the visible spectral range, 

Fig. 9. (Color online) The dielectric function spectra of hematite 
α-Fe2O3 (a) and gallium-substituted hematite α-Fe2–xGaxO3 with 
x = 0.25 (b, c). 
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the charge transfer bands are less intense and shifted to 
higher photon energy. The most plausible explanation of 
these differences can be related to the iron/oxide ratio 
which varies in these three compounds as 1/2, 1/3 and 1/4, 
respectively. 

5.1.2. Fe3+ ions in octahedral and tetrahedral positions 

All materials we discussed above contain magnetic Fe3+ 
ions only in octahedral positions. From a magnetic point of 
view they are antiferromagnets, or more strictly speaking, 
weak ferromagnets due to the canting of the antiferromag-
netic sublattices derived from the Dzyaloshinsky–Moriya 
coupling and single-ion anisotropy. The materials we dis-
cuss below contain Fe3+ ions in octahedrally and tetrahe-
drally coordinated positions. Calcium ferrite is an antifer-
romagnet whereas all other materials are ferrimagnets due 
to the nonequivalency of the magnetic ions in the two 
types of positions. Our main goal is to elucidate the rela-
tive contribution to the optical response of the tetrahedral 
Fe3+ centers. To this end we address a series of ferrites 
with a rising fraction of tetrahedral Fe3+ centers. 

Lithium ferrite LiFe5O8. Lithium ferrite LiFe5O8 has 
the cubic spinel structure, the space group P4332 is non-
centrosymmetric due to the one-to-three ordering of the Li- 
and Fe-ions on the octahedral sites [81]. The Fe3+ ions 
occupy the octahedral and tetrahedral crystallographic sites 

with a ratio of 4:1. Lithium ferrite has one of the highest 
ferromagnetic–paramagnetic transition temperature TC = 
= 943 K which is remarkably close to that of hematite. 
LiFe5O8 is a material in which the linear magnetoelectric 
(ME) effect was reported [10]. A spontaneous nonreci-
procal circular dichroism was observed in Ref. 11. Lithium 
ferrite is a promising candidate for multi-layered ferrimag-
netic–ferroelectric composites exhibiting a large microwave 
magnetoelectric susceptibility [82]. Figure 11,a shows the 
dielectric functions measured on a polished (110) plate. It is 
worth noting that the optical spectra of LiFe5O8 resemble 
those of hematite. That points to a predominant contribution 
of the octahedral Fe3+ centers to optical transitions. 

Hexaferrite BaFe12O19. Hexaferrites are a very large 
group of ferrimagnetic materials with a hexagonal structure 
where Fe3+ ions occupy slightly distorted octahedral and 
tetrahedral positions. In barium hexaferrite BaFe12O19 
(magnetoplumbite) the Fe3+ ions occupy 9 octahedral, 2 
tetrahedral, and one fivefold position. The experimental 
optical spectra for the (0001) face of a single crystal and a 
thin (~1 μ) polycrystalline film are shown in Fig. 11,b. 

Fig. 10. (Color online) The dielectric function spectra of Fe3BO6
for the three main polarizations. Insets show indices of absorption
and refraction. 
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Fig. 11. (Color online) The dielectric function spectra of several 
ferrites with octahedral and tetrahedral Fe3+ centers: lithium fer-
rite LiFe5O8 (a), hexaferrite BaFe12O19 (b), rare earth garnet 
Sm3Fe5O12 (c). For BaFe12O19 spectra of ′ε  were measured for 
a single crystal (SC) and a polycrystalline thin film (film). 
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Predominance of the octahedral positions makes the optical 
response in BaFe12O19 similar to that of LiFe5O8 and he-
matite. 

Rare earth garnet Sm3Fe5O12. Garnets possess the 
cubic structure Ia3d with 8 formula units in the unit cell. 
Fe3+ ions occupy slightly distorted octahedral 24c posi-
tions and tetrahedral 16a positions with a ratio of 3:2. Iron 
garnets are ferrimagnetic and the ordering temperature of 
iron sublattices are in the range of about 550 K. Experi-
mental spectra of optical dielectric functions in Sm3Fe5O12 
are shown in Fig. 11,c. In general features they are similar, 
but not exactly the same, as those reported in Refs. 83, 84. 

Calcium ferrite Ca2Fe2O5. This ferrite crystallizes in the 
orthorhombic space group of the brownmillerite type Pnma 
[85]. The Fe3+ ions occupy the octahedral 4a and tetrahedral 
4c crystallographic sites with a ratio of 1:1. The Fe–O dis-
tances in the octahedral positions are 1.963 Å (4O2–) 
and 1.977 Å (2O2–). For the tetrahedral sites these are 
1.884 Å (2O2–), 1.858 Å, and 1.859 Å. These data show 
that both positions are only slightly distorted, e.g., compare 
them with data given above for the iron borate. Calcium 
ferrite is an antiferromagnet with TN = 725 K, see Refs. 68, 
86 and references therein. The dielectric spectra in the cal-

cium ferrite for three principal polarizations are shown in 
Fig. 12. At first sight, in Ca2Fe2O5 with the same content 
of octa- and tetrahedral centers, one should expect a com-
petition of comparable contributions of the CT transitions 
related with octa- and tetrahedral Fe3+ centers. However, 
we see that the spectra differ from all the spectra discussed 
above, in particular, from those of lithium ferrite and mag-
netoplumbite where iron ions are also in octahedral and 
tetrahedral positions. Unexpectedly we observe a very 
strong CT-like band peaked near 0.5 eV that was not re-
ported earlier. The 3.0 eV band, a visiting card of octahe-
dral Fe3+ centers, is strongly suppressed due to a puzzling 
spectral weight transfer to the mid-infrared range. The 
spectra of Ca2Fe2O5 for a  and c  polarizations are less 
intense, resemble one another but are not identical. Pro-
nounced optical anisotropy could be related to the crystal-
lographic features of Ca2Fe2O5 having a pseudo-quadratic 
layered structure, see Figs. 2 and 3 in Ref. 85. It is worth 
noting that magnetic structure of Ca2Fe2O5 is still a matter 
of debate [86–88]. 

5.2. Discussion 

To begin our discussion of the CT transitions in ferrites 
we refer to the spectroscopic data for garnets Y3FexGa5–xO12 
(x = 5, 3.9, 0.29, 0.09) [83]. They demonstrate that the 
optical response in the spectral range up to 30 000 cm–1 
(~ 3.7 eV) is governed by the one-center transitions for 
both octahedral and tetrahedral Fe3+ centers. It means that 
the onset energy for different d–d CT transitions in ferrites 
is expected to be > 3.7 eV in agreement with our model 
estimates discussed in Sec. 3. 

To uncover the role played by the octahedral Fe3+ cen-
ters we turn to the optical response of the orthoferrites 
RFeO3. These compounds contain the only type of centro-
symmetric, slightly (~1%) distorted, FeO6 octahedra. De-
spite the long story of optical and magneto-optical studies 
(see, e.g. Refs. 32, 40) the microscopic origin of the main 
spectral features in orthoferrites remains questionable and 
the transition assignments made earlier in Ref. 32 need a 
comprehensive revisit. The spectra of ErFeO3 for three 
main polarizations shown in Fig. 8 are typical for orthofer-
rites RFeO3 [31,32,40]. The low-energy intense band 
around 3 eV may be assigned to a strong dipole allowed 
on-center 2 2( )u gt tπ →  CT transition as was proposed in 
Ref. 32. This is a characteristic feature of the octahedral 
Fe3+ centers in oxides, with the calcium ferrite being a 
puzzling exception. However, such an assignment also 
implies the existence of a weak band due to a low-energy 
dipole-forbidden on-center 1 2( )g gt tπ →  CT transition, 
red-shifted by about 0.8 eV as expected from estimates 
[35]. Indeed, a band around 2.5 eV is found in the optical 
and magneto-optical spectra of different orthoferrites [32]. 
This band is clearly visible in hematite α-Fe2O3 near 2.4 eV 
(see Fig. 9) where the 1 2( )g gt tπ →  transition becomes 

Fig. 12. (Color online) The dielectric function spectra in calcium
ferrite Ca2Fe2O5 for three main polarizations. Insets show indic-
es of absorption and refraction. 
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allowed due to a breaking of the centrosymmetry for Fe3+ 
centers. 

The nearest high-energy neighborhood of the 3 eV band 
is expected to be composed of 1 2( )u gt tπ →  CT transitions 
with a comparable intensity and estimated energy about 
4 eV. All the dipole-allowed one-center p–d CT transitions 
to the ge  state are blue-shifted by 10 5(3 )Dq d  as com-
pared to their 2gtγ →  counterparts with the onset energy 
of the order of 4 eV. Interestingly, for the dipole-allowed 

2u gtγ →  transitions the maximum intensity is expected 
for the low-energy 2 2( )u gt tπ →  transition while for 

u geγ →  transitions the maximum intensity is expected for 
the high-energy (~ 6–7 eV) 1 ( )u gt eσ →  transition. The 
analysis of the experimental spectra for orthoferrites de-
monstrates the failure of the one-center p–d CT transitions 
to explain the broad intensive band centered near 4.5 eV 
together with a narrow low-energy satellite peaked near 
3.9 eV. Both features are typical for orthoferrites [32,40] 
and may be assigned to a 2g ge t→  low-energy two-center 
CT transition 6 6 5 5

1 1 2g g g gA A E T→  to an unconventional 
final state with an orbital degeneracy on both sites. These 
Jahn–Teller excited states are responsible for the complex 
lineshape of the 2g ge t→  CT band which is composed of 
a narrow exciton-like feature and a broad intense band se-
parated by ~0.5 eV, which is believed to be a measure of 
the Jahn–Teller splitting in the excited state. Thus we see 
that all the spectral features observed in the optical spectra 
of orthoferrites for energies below 5 eV can be directly 
assigned to the low-energy p–d and d–d CT transitions. 

It is worth noting that the dielectric function in orthofer-
rites is nearly isotropic due to very weak (~ 1%) rhombic 
distortions of FeO6 octahedra and nearly equivalent differ-
ent Fe–O–Fe bonds. Nevertheless a fine structure of the 
main CT bands is clearly revealed in magneto-optical spec-
tra of orthoferrites, which was assigned to the dipole-
forbidden d–d crystal field transitions [32,40]. In our opi-
nion, their relation to the low-symmetry distortions in the 
p–d CT band seems to be more reasonable. 

The effect of a strong change in bulk crystalline sym-
metry and local trigonal noncentrosymmetric distortions of 
FeO6 octahedra is well illustrated by the optical response 
of hematite α-Fe2O3. First of all there is a noticeable rise 
of intensity and a splitting for dipole-forbidden 
1 2( )g gt tπ →  transition at 2.4 eV, which is clearly visible 

in the spectra of the gallium-substituted sample (Fig. 
9,b,c). Second, one should note a clear splitting on the or-
der of 0.3–0.4 eV of the 3 eV band due to a sizeable tri-
gonal distortion of the FeO6 octahedra. In both cases the 
band splitting effect reflects the singlet-doublet splitting of 
the initial orbital triplets, 1 ( )gt π  and 2 ( )ut π , respectively, 
due to the low-symmetry trigonal crystal field. Interesting-
ly, the integral intensity of the 2 2( )u gt tπ →  band at 3 eV 
is visibly enhanced in hematite as compared to similar 
bands in orthoferrites that may result from the more cova-
lent Fe–O bonding in hematite. Such an explanation agrees 

with the increase in the Fe–O–Fe exchange coupling and 
higher values of TN. 

The optical spectrum of rhombohedral BiFeO3 differs 
significantly from that of orthorhombic orthoferrites 
RFeO3 in several points. It mostly resembles that of rhom-
bohedral hematite α-Fe2O3 with an additional broad in-
tense band centered near 4 eV, which may be assigned to 
CT transitions in the Bi–O bonds. The close relation with 
the hematite spectra is a direct result of the close similarity 
in the rhombohedral and non-centrosymmetric distortions 
of the FeO6 octahedra in both compounds. It is worth not-
ing that the Lorentzian fitting distinctly points to a small 
shoulder centered at 2.5 eV. This feature can be unambi-
guously attributed to the dipole-forbidden 1 2( )g gt tπ →  
CT transition, similar to other ferrites with FeO6 centers. 
Such a feature was observed in earlier studies [21,72], 
however without any explanation. Most recent absorption 
and cathodoluminescence spectra [66] reveal a fine three-
peak structure of the 2.5 eV band in full accordance with 
low-symmetry (monoclinic) distortions of the epitaxial thin 
films. The authors attributed these observations to defect 
states due to oxygen vacancies, however, we relate their 
intrinsic nature to a low-lying 1 2( )g gt tπ →  CT transition 
typical for all other ferrites with octahedral FeO6 centers. 

The LSDA, LSDA+U [89], and sX [90] calculations 
show that the valence band of BiFeO3 is formed predomi-
nantly by 2p oxygen states hybridized with the Fe 3d and 
Bi 6p states. The lowest conduction band is formed by the 
Fe 3d states with a DOS peak at 3.0 eV followed by the Bi 
6p states with a DOS distributed from 3 to 6 eV. Most re-
cent calculations give an indirect band gap gE = 2.8 eV 
[90]. In contrast to direct-band semiconductors, a strict 
definition of the band-gap value gE  in transition metal 
compounds from experimental data is not straightforward. 
It is complicated by the absence of a sharp absorption edge 
and therefore depends on the procedure adopted. The expe-
rimental estimate based on optical absorption measurements 
in BiFeO 3  thin films gives a band-gap gE = 2.5 eV [71]. 
More recent estimates give a direct band gap gE = 2.7 eV 
[21,66,67] or gE = 2.8 eV [72]. However, this kind of es-
timate is strongly dependent on sample morphology and 
quality. The low-energy optical response in bismuth ferrite 
BiFeO3 reveals puzzling features, pointing to a CT insta-
bility in that oxide. 

Despite the orthorhombic crystal symmetry of the iron 
borate Fe3BO6 its optical response resembles in general 
features that of trigonal hematite, but not that of orthofer-
rites. One should note a strong anisotropy especially pro-
nounced for the low-energy intense 2 2( )u gt tπ →  band 
which looks like a solitary band at 3 eV in the b  polariza-
tion (Fig. 10,c) and transforms into a plateau for the a  and 
c  polarizations, seemingly composed of two bands peaked 
at 3.2 and 4.2 eV. Such a strong anisotropy indirectly sup-
ports the p–d CT nature of the optical response. Indeed, 
unusually strong, up to ~ 20%, distortions of FeO6 octahe-
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dra in Fe3BO6 [76,77] imply a large low-symmetry split-
ting of both the initial 2 ( )ut π  and final 2gt  states. The 
resultant effect may be strong enough to explain a splitting 
of the order of 1 eV. Iron borate spectra provide again a 
clear evidence of the 2.5 eV band assigned to dipole-for-
bidden p–d CT transitions 1 2( )g gt tπ → . Indeed, the well 
pronounced low-energy spectral features are clearly seen at 
2.26 and 2.56 eV in b polarization. Most probably the low-
symmetry effects are the main source responsible for the 
crucial difference in the optical response between Fe3BO6 
and two other iron borates FeBO3 (TN = 348 K) and 
GdFe3(BO3)4 (TN = 37 K) [79,80]. These two borates are 
highly transparent in the visible spectral range and the CT 
bands are less intense and shifted to higher photon energy. 
Interestingly that, at variance with most of ferrites where 
the Fe–O–Fe bonds form a 3D network, the main motives 
of the crystal structure in GdFe3(BO3)4 are spiral chains 
of FeO6 octahedra running along the c axis and linked to-
gether by their edges. The antiferromagnetic ordering of 
the Fe subsystem occurs at about 37 K. In such a system 
one might observe the d–d CT transitions for the po-
larization E&c axis. Indeed, the absorption spectrum of 
GdFe3(BO3)4 reveals an intensive band peaked near 4.8 eV 
observed for E&c axis [80], which may be attributed to the 

2–g ge t  CT transition in pairs of Fe3+ ions running along 
the c axis. 

The optical response of ferrites containing both octahe-
dral FeO6 and tetrahedral FeO4 centers is more compli-
cated for a comprehensive analysis. First of all, we should 
point to a sizeable (~0.5 eV) blue shift of the onset energy 
for the p–d CT transitions in tetrahedral FeO4 centers as 
compared to the octahedral FeO6 centers [91,92]. This 
makes the low-energy optical response in such ferrites to be 
similar to that of ferrites with only octahedral FeO6 centers. 

Optical spectra of LiFe5O8 resemble those of hematite 
up to a quantitative agreement. Low-energy spectral fea-
tures at 2.4 and 2.56 eV coincide with those observed in 
the spectral dependencies of its circular dichroism [11] and 
linear Kerr effect [93]. They were assigned to the d–d tran-
sitions in the Fe3+ ions in the octahedral and tetrahedral 
positions, respectively. However, their assignment to a 
split dipole-forbidden 1 2g gt t−  CT transition seems to be 
more reasonable, especially because such 2.5 eV band is 
typical for other octa/tetra ferrites (see Figs. 11, 12). 

The optical response of calcium ferrite Ca2Fe2O5 re-
veals a striking difference from the spectra of all other ma-
terials discussed above. The most noticeable feature is a 
strong suppression of the «octahedral» 3 eV band with a 
puzzling red shift of the respective spectral weight, which 
forms an extensive low-energy tail of the 3 eV band and 
anomalously strong mid-infrared band peaked below 1 eV. 
Both anomalies are believed to indicate a well developed 
CT instability of calcium ferrite due to self-trapping of the 
p–d CT excitons in octahedral Fe3+ centers, similar to that 
of bismuth ferrite [74]. The strong red shift of their spectral 

weight for the respective p–d CT excitons makes manife-
station of tetrahedral FeO4 centers more pronounced. 
The significant optical anisotropy observed in Ca2Fe2O5 
can be attributed to a manifestation of the inter-layer octa-
tetra d–d CT transitions with the E&b axis polarization. 
Indeed, calcium ferrite has a typical pseudoquadratic 
layered structure with alternating layers of highly symme-
trical octahedral and tetrahedral Fe3+ centers having simi-
lar projections along the a and c axes, see Figs. 2 and 3 in 
Ref. 85. The peak energy of 4.1 eV for the respective band 
agrees with our estimates for d–d CT transitions. 

In the discussion above we have focused on the more or 
less intensive CT bands, leaving out manifestations of the 
essentially weaker crystal field 3d–3d and 4f–4f transitions, 
part of which is superposed on the stronger CT bands. First 
of all it concerns a generic 6 4

1 1g gA A→  transition which 
is usually superposed on the dipole forbidden 1 2( )g gt tπ −  
p–d CT transition. An instructive illustration of these weak 
features is presented in Fig. 13 where unpolarized absorp-
tion spectrum of the single crystalline TmFeO3 is shown in 
the spectral range 0.6–2.2 eV for light propagated along 
the c axis [31]. As we see the absorption coefficient for the 
crystal field 3d–3d and 4f–4f transitions is about 2 orders 
of magnitude less than that typical for dipole-allowed CT 
transitions.  

6. Conclusions 

We have reviewed results of theoretical and experimen-
tal studies of CT transitions in the multiferroic manganites, 
ferrites and related complex oxides. Starting with a simple 
cluster model approach we addressed both the one-center 
p–d and two-center d–d CT transitions, their polarization 
properties, the role played by structural parameters, orbital 
mixing, and spin degree of freedom. The optical response 
was studied in a wide spectral range from 0.6 up to 5.8 eV 
by means of the spectroscopic ellipsometry. The oxides 
investigated have different crystal symmetry with more or 

Fig. 13. Spectral dependence of the absorption coefficient for
orthoferrite TmFeO3. 
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less distorted MnO6 octahedra, two different types of MnO5 
centers, octahedral FeO6 and tetrahedral FeO4 centers. 
Manganites include orthorhombic RMn2O5, orthorhom-
bic and hexagonal RMnO3. One of the two groups of fer-
rites included BiFeO3, ErFeO3, Y0.95Bi0.05FeO3, α-Fe2O3, 
Fe2–xGaxO3 and Fe3BO6 in which iron Fe3+ ions occupy 
only octahedral centrosymmetric or noncentrosymmetric 
positions with different magnitude of distortions from 1 to 
20 % . The second group included LiFe5O8, BaFe12O19, 
Sm3Fe5O12, and Ca2Fe2O5 in which Fe3+ ions occupy both 
octahedral and tetrahedral positions with a rising tetra/ortho 
ratio. At variance with several previous investigations we 
have performed a unified assignment of different dipole-
allowed and dipole-forbidden CT transitions. 

Experimental data and theoretical analysis evidence a 
dual nature of the dielectric gap in perovskite manganites, 
being formed by a superposition of forbidden 1 ( )g gt eπ →  
(1.3 and 1.9 eV) or weak dipole-allowed 2 ( )u gt eπ →  (2.3 
and 2.7 eV) p–d CT transitions and inter-site 

( )– ( )g gd e d e  (2.0 eV in LaMnO3 and 2.2 eV in other 
manganites) HS CT transitions, a remarkable observation, 
which to the best of our knowledge has not been previous-
ly reported. In fact, the parent perovskite manganites 
RMnO3 should rather be sorted neither into the CT insula-
tor nor the Mott–Hubbard insulator in the Zaanen, Sa-
watzky, Allen scheme. We found an overall agreement 
between experimental spectra and theoretical predictions 
based on the theory of one-center p–d CT transitions and 
inter-site d–d CT transitions. Spectral features at 3.0 and 
3.8 eV are assigned to a weak dipole-allowed 1 ( )u gt eπ →  
p–d CT transition of the –π σ  type with a clearly resolved 
low-symmetry splitting. Strong dipole-allowed p–d CT 
transitions 1 2( )u gt tπ →  and 1 ( )u gt eσ →  of the –π π  and 
σ–σ  type, respectively, are observed as the most intensive 
bands with an unresolved structure at 4.7 and 5.3 eV. 
Weak low-spin counterparts of the HS ( )– ( )g gd e d e CT 
transition are seemingly superimposed on these strong p–d 
CT bands. 

All the ferrites investigated are qualified to be CT insula-
tors with the band gap determined by a dipole-forbidden 
1 2g gt t→  p–d CT transition near 2.5 eV, the spectral 

weight of which is strongly enhanced for the ferrites BiFeO3 
and α-Fe2O3 with noncentrosymmetric distortion of FeO6 
octahedra. In other words, the weak 2.5 eV band superim-
posed on the tail of the strong 3.0 eV band has a «non-
defect» intrinsic nature and, along with its strong neighbor, 
can be regarded as a visiting card of the octahedral FeO6 
centers. It means we should revisit our view on the band 
gap structure in all iron oxides. 

Intense bands near 3.0 and 4 eV are assigned to dipole al-
lowed 2 2( )u gt tπ →  and 1 2( )u gt tπ →  p–d CT transitions 

in octahedral FeO 6  centers, respectively. The assignment of 

the low-energy two-center 2g ge t→  6 6 5 5
1 1 2g g g gA A E T→  

(d–d) CT transition to an unconventional Jahn–Teller-like 

final state, with an orbital degeneracy on both sites, is par-
ticularly manifested in the orthoferrite ErFeO3 as an in-
tense broad band peaked near 4.5 eV with a narrow low-
energy satellite peaked at 3.9 eV. A noticeable enhance-
ment of the optical response in BiFeO3 at ~ 4 eV as com-
pared to other related iron oxides is attributed to the CT 
transitions within the Bi–O bonds. 

Along with an inspection of electron-hole excitations 
optical spectroscopy can provide a more direct information 
on the magnetoelectric coupling in multiferroics and re-
lated materials. Recently it has revealed a giant coupling of 
optical second-harmonic generation to the spontaneous 
polarization in compounds with magnetically driven fer-
roelectricity (TbMn2O5, MnWO4) thus pointing to an elec-
tronic rather than ionic origin of the spontaneous polariza-
tion [94]. In TbMn2O5 the symmetry reduction by the 
ferroelectric order is detected with a sensitivity four orders 
of magnitude above the resolution limit of 10–100 pC/cm2 
[94]. Optical spectroscopy can provide an inaugural expe-
rimental statement on the controversial theoretical discus-
sion on the nature of the multiferroic polarization [2,95]. 

Above we reviewed the CT spectra of different multifer-
roic manganites and ferrites though at present there are ob-
servations of the multiferroic behavior in several compounds 
with other 3d ions, such as Ni3V2O8, CuFe1–xAlxO2 [2]. 
Recent observations of multiferroic behavior concomitant 
the incommensurate spin spiral ordering in chain cuprates 
LiCuVO4 [96] and LiCu2O2 [97] challenged the multifer-
roic community. At first sight, these cuprates seem to be 
prototypical examples of 1D spiral-magnetic ferroelectrics 
revealing the relativistic mechanism of «ferroelectricity 
caused by spin-currents» [98]. However, the both systems 
reveal a mysterious behavior with conflicting results ob-
tained by different groups. Indeed, Yasui et al. [96] claim 
the LiCuVO4 reveals clear deviations from the predictions 
of spin-current models. LiCu2O2 shows up a behavior 
which is obviously counterintuitive within the framework 
of spiral-magnetic ferroelectricity [97]. Moreover, recently 
it was shown [99,100] that the multiferroicity in LiCuVO4 
and LiCu2O2 may have nothing to do with relativistic ef-
fects and can be consistently explained, if the nonrelativis-
tic exchange-induced electric polarization on the out-of-
chain centers formed by a Cu2+ substitution for Li+ ions in 
LiCuVO4 or Cu2+ ions in LiCu2O2 is taken into account. 

Optical response of multiferroic 1D cuprate LiCu2O2 
has been measured by the ellipsometry method [101] and 
reflectivity [102]. Optical properties of LiCu1+Cu2+O2 in 
the spectral range of 0.6–5.8 eV radically differ from those 
of all other known Cu1+, Cu2+ and mixed-valent oxide 
cuprates. An extremely strong, sharp and highly anisotro-
pic optical feature with 2

xxε = 26 is observed at 3.27 eV 
which was assigned to an exciton-like inter-configurational 
3d–4p transition in the O2––Cu1+–O2– dumbbells [101] ra-
ther than the p–d CT transition in Cu2+O4 plaquettes [102]. 



Optical spectroscopy of charge transfer transitions in multiferroic manganites, ferrites, and related insulators 

Fizika Nizkikh Temperatur, 2010, v. 36, No. 6 637 

Concluding, we believe that the results of this review 
will provide deeper insight into the electronic structure of 
the multiferroic manganites and ferrites, other related 
compounds, and form a solid basis for further experimental 
and theoretical studies on the topic. 
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