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We study the optical-absorption spectra in a polar ferrimagnet GaFeO3. We consider the E1, E2, and M1
processes on Fe atoms. It is shown that the magnetoelectric effect on the absorption spectra arises from the
E1-M1 interference process through the hybridization between the 4p and 3d states in the noncentrosymmetric
environment of Fe atoms. We perform a microscopic calculation of the spectra on a cluster model of FeO6

consisting of an octahedron of O atoms and an Fe atom displaced from the center with reasonable values for
Coulomb interaction and hybridization. We obtain the magnetoelectric spectra, which depend on the direction
of magnetization, as a function of photon energy in the optical region 1.0–2.5 eV, in agreement with the
experiment.
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I. INTRODUCTION

It is known that the breaking of time-reversal symmetry in
magnetic materials gives rise to interesting magneto-optical
effects such as the double circular reflection for circularly
polarized light and the Faraday effect for linearly polarized
light.1 When the spatial inversion symmetry is further bro-
ken, for example, in polar or chiral materials, novel
magneto-optical effects were expected to come out.2 Those
effects are known as the nonreciprocal directional dichroism
or magnetochiral dichroism and have been extensively
studied.3–7 Among a variety of compounds, Cr2O3 is one of
the most investigated compounds. The magnetoelectric ef-
fect, that is, a linear relation between the magnetic and elec-
tric fields in matter was proved in 1950s.8,9 Later, the nonre-
ciprocal rotation and ellipticity of light were measured10 and
were successfully analyzed by using a ligand-field model for
Cr atoms.11

Another notable compound is GaFeO3, which was first
synthesized by Remeika.12 This compound exhibits simulta-
neously spontaneous electric polarization and magnetization
at low temperatures. The large magnetoelectric effect was
observed by Rado.13 Recently, untwinned large single crys-
tals have been prepared14 and the optical-absorption mea-
surement has been carried out with changing the direction of
magnetization.15 It has been found that the absorption inten-
sity in the region of photon energy 1.0–2.5 eV changes with
reversing the direction of the magnetization. The purpose of
this paper is to analyze in detail this phenomenon by carry-
ing out a microscopic calculation of the spectra and to elu-
cidate the microscopic origin. Although several qualitative
arguments have been done,15,16 as far as we know, the spectra
have not been calculated yet as a function of photon energy.

The crystal of GaFeO3 has an orthorhombic unit cell with
the space group Pc21n.17 The magnetic moments at Fe1 and
Fe2 sites align antiferromagnetically along the �c axis. The
actual compound, however, behaves as a ferrimagnet,18 from
which it is inferred that the Fe occupation at Fe1 and Fe2
sites are slightly different from each other.14 Each Fe atom is
octahedrally surrounded by O atoms and slightly displaced
from the center of the octahedron; the shift is 0.26 Å at Fe1

sites and −0.11 Å at Fe2 sites along the b axis.14 Thereby
the spontaneous electric polarization is generated along the b
axis. We neglect slight distortion of octahedrons since their
contributions are expected to be small to the E1-M1 terms.
There are two kinds of octahedrons with respect to the direc-
tion of Fe shift, as illustrated in Fig. 1.

In the analysis of optical absorption, we assume that the
photon propagates along the a axis in accordance with the
experimental situation.15 Restricting the processes only on Fe
atoms, we derive the explicit forms of E1, E2, and M1 tran-
sitions. We find that the E2 transition matrix elements are
much smaller than those of the E1 and M1 transitions. In
addition to the E1-E1 and M1-M1 processes, the E1-M1
interference process could have finite contribution to the op-
tical absorption through the mixing of the 3d44p configura-
tion to the 3d5 configuration, as illustrated in Fig. 2. Such
mixings are the result of the noncentrosymmetric environ-
ment on Fe atoms. In order to describe such processes, we
employ a cluster model of FeO6, which includes all the 3d
and 4p orbitals of Fe atoms and the 2p orbitals of O atoms.
The Coulomb interaction and the spin-orbit interaction are
taken into account in the 3d orbitals. Since Fe atoms are
located in the noncentrosymmetric environment, the 4p and
3d states could be coupled to each other. A similar cluster
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FIG. 1. Two kinds of octahedrons of oxygen atoms �white
circles�. Fe atoms �black circles� are displaced from the center of
the octahedron O to the off-center O� along the b axis by amount �;
�=0.26 Å at Fe1 sites and �=−0.11 Å at Fe2 sites.
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model has been considered in the analysis of resonant x-ray
scattering in magnetite,19 where Fe atoms at A sites are in the
noncentrosymmetric environment, at the center of tetrahe-
drons of O atoms. Deriving an effective hybridization be-
tween the 4p and 3d states as well as a ligand field on the 3d
states through the hybridization with the O 2p states, we di-
agonalize the Hamiltonian matrix in the 3d5 and 3d4 configu-
rations to obtain the energy eigenstates. These states are used
to calculate the absorption spectra.

In the experiment, the magnetic field was applied along
the �c axis and the difference of the absorption spectra be-
tween the two directions was measured, which would be
termed as “magnetoelectric” spectra.15 Since the compound
is a ferrimanget, reversing direction of applied magnetic field
results in reversing the direction of the local magnetic mo-
ment on Fe atoms. Neglecting a small deviation from a per-
fect antiferromagnet, we simply assume that the direction of
the local magnetic moment is simply reversed. We derive a
formula for the magnetoelectric spectra which arise from the
E1-M1 process. Using this formula, we discuss various sym-
metry relations for the E1-M1 process and the relation to the
nonreciprocal directional dichroism and the anapole moment
on these bases. Finally, we carry out a microscopic calcula-
tion of the spectra arising from the E1-M1 process using the
results of the FeO6 cluster model. We find the spectra as a
function of photon energy in agreement with the
experiment.15

This paper is organized as follows. In Sec. II, we intro-
duce a cluster model around Fe atoms. In Sec. III, we de-
scribe the optical transition operators associated with Fe at-
oms. In Sec. IV, we derive the formulas of the optical
absorption and present the calculated spectra in comparison
with the experiment. The last section is devoted to conclud-
ing remarks.

II. ELECTRONIC STRUCTURES AROUND Fe ATOMS

A. Crystal electric field

We start by examining the crystal electric field around the
off-center position O�= �0,0 ,�� to see the effect of lowering
symmetry from the cubic to trigonal ones. Let charge q be
placed at the apexes of the octahedron. Then, the electro-
static potential ��x ,y ,z� is expanded as

��x,y,z� = V0 + �V1 + �2V2 + ¯ , �2.1�

with

V0 =
6q

r0
−

7q

24r0
5 �35z4 − 30z2r2 + 3r4 � 20�2z�x3 − 3xy2�� ,

�2.2�

V1 = −
14q

3r0
5 �5z3 − 3zr2 �

5

4
�2�x3 − 3xy2�� , �2.3�

V2 = −
7q

r0
5 �2z2 − �x2 + y2�� , �2.4�

where the x, y, and z axes are along the crystal c, a, and b
axes, respectively, with the origin O�. The distance between
the center of the octahedron and the apexes is defined as r0
and r=�x2+y2+z2. The upper and lower signs correspond to
the octahedron on the left and right panels in Fig. 1, respec-
tively. Term V0 represents the so-called cubic-field term,
which gives rise to a splitting of energy between eg and t2g
states in 3d orbitals. Term V1 gives rise to a coupling be-
tween 3d and 4p states, and V2 gives rise to additional split-
tings of energy within the 3d states as well as the 4p states.
These forms are inferred to be correct in symmetry point of
view but the covalency between Fe and O is, however, ex-
pected to give rise to a similar but much larger effect. We
neglect the small point-charge effect and consider only the
covalency effect discussed in the following.

B. Hamiltonian for a FeO6 cluster

We now introduce the Hamiltonian of a FeO6 cluster and
derive the ligand field on the 3d states and the effective
hybridization between the 3d and 4p states. With the 2p
states in O atoms in addition to the 3d and 4p states in the Fe
atom, we write the Hamiltonian as

H = H3d + H2p + Hhyb
3d−2p + H4p + Hhyb

4p−2p, �2.5�

where

H3d = �
m�

Em
d dm�

† dm� +
1

2 �
�1�2�3�4

g��1�2;�3�4�d�1

† d�2

† d�4
d�3

+ �3d �
mm����

	m�
L · S
m����dm�
† dm���

+ Hxc · �
m���

�S����dm�
† dm��, �2.6�

H2p = �
j��

Eppj��
† pj��, �2.7�

Hhyb
3d−2p = �

j��m

tm�
3d−2p�j�dm�

† pj�� + H.c., �2.8�

H4p = �
k���

	4p�k�pk���
�† pk���

� , �2.9�
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FIG. 2. Illustration of the E1-M1 interference process. The
black circle indicates the presence of an electron in the 4p band.
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Hhyb
4p−2p = �

j����

t���
4p−2p�j�p���

�† pj�� + H.c. �2.10�

The H3d describes the energy of 3d electrons, where dm�

represents an annihilation operator of a 3d electron with spin
� and orbital m �=x2−y2 ,3z2−r2 ,yz ,zx ,xy�. The second
term in Eq. �2.6� represents the intra-atomic Coulomb inter-
action with the matrix element g��1�2 ;�3�4� expressed in
terms of the Slater integrals F0, F2, and F4 �� stands for
�m ,��
. The third term in Eq. �2.6� represents the spin-orbit
interaction for 3d electrons. We evaluate atomic values of F2,
F4, and �3d within the Hartree-Fock �HF� approximation20

and multiply 0.8 to these atomic values in order to take ac-
count of the slight screening effect. On the other hand, we
multiply 0.25 to the atomic value for F0 since F0 is known to
be considerably screened by solid-state effects. The last term
in Eq. �2.6� describes the energy arising from the exchange
interaction with neighboring Fe atoms, where �S���� repre-
sents the matrix element of the spin operator of 3d electrons.
The exchange field Hxc here has a dimension of energy and
is �kBTc /4 with Tc�250 K. Note that this term is served as
selecting the ground state by lifting the degeneracy and
therefore the spectra depend little on its absolute value. The
Hxc is directed to the negative direction of the c axis at Fe1
sites when the external magnetic field is applied along the
positive direction of the c axis.

The H2p represents the energy of oxygen 2p electrons,
where pj�� is the annihilation operator of the 2p state with
�=x ,y ,z and spin � at the oxygen site j. The Coulomb in-
teraction is neglected in oxygen 2p states. The Hhyb

3d−2p de-
notes the hybridization energy between the 3d and 2p states.
The energy of the 2p level relative to the 3d levels is deter-
mined from the charge-transfer energy 
 defined by 
=Ed

−Ep+15U�3d6�−10U�3d5� with Ed being an average of Em
d .

Here U�3d6� and U�3d5� are the multiplet-averaged d-d Cou-
lomb interaction in the 3d6 and 3d5 configurations, which are
defined by U=F0− �2 /63�F2− �2 /63�F4.

The H4p represents the energy of the 4p states, where
pk���
� is the annihilation operator of the 4p state with mo-

mentum k, ��=x ,y ,z, and spin �. The 4p states form an
energy band 	4p�k�. The density of states �DOS� of the 4p
band is inferred from the K-edge absorption spectra21 as
shown in Fig. 3. The Hhyb

4p−2p represents the hybridization be-
tween the 4p and oxygen 2p states, where the annihilation
operator of the local 4p orbital p���

� may be expressed as
p���
� = �1 /�N0��kpk���

� �N0 is the discretized number of k
points�.

The hybridization matrices tm�
3d−2p�j� and t���

4p−2p�j� are de-
fined for the Fe atom at the off-center position. We evaluate
these values by modifying the Slater-Koster two-center inte-
grals for the Fe atom at the central position of the octahedron
with the assumption that �pd��2p,3d, �pd��2p,3d�d−4, and
�pp��4p,2p, �pp��4p,2p�d−2 for d being the Fe-O distance.22

Table I lists the parameter values used in this paper, which
are consistent with the values in previous calculations for
Fe3O4.19,23

C. Ligand field and effective hybridization between 4p and 3d
states

Instead of directly treating H3d−2p and H4p−2p, we intro-
duce the effective Hamiltonian to include the covalency ef-

fect. The ligand-field Hamiltonian on the 3d states is given
by the second-order perturbation as

H̃3d−3d = �
mm��

t̃mm�
3d−3ddm�

† dm�� + H.c., �2.11�

with

t̃mm�
3d−3d = �

j�

tm�
3d−2p�j�tm��

3d−2p�j�/
 , �2.12�

where the sum over j is taken on neighboring O sites and

=3.3 eV is the charge-transfer energy defined above. In
addition to the ligand field corresponding to the cubic sym-
metry, we have a field proportional to �2, which causes extra
splittings of 3d levels in conformity with the form of Eq.
�2.1�.

The effective hybridization between the 4p and 3d states
is similarly given as

H̃4p−3d = �
��m�

t̃��m
4p−3dp���

�† dm� + H.c., �2.13�

with

t̃��m
4p−3d = �

j�

t���
4p−2p�j�tm�

3d−2p�j�/�E4p − E2p� , �2.14�

where E4p is the average of the 4p-band energy, which is
estimated as E4p−E2p�17 eV. The coefficient t̃��m

4p−3d is

TABLE I. Parameter values for a FeO6 cluster in the 3d5 con-
figuration, in units of eV. The Slater-Koster two-center integrals are
defined for the Fe atom at the center of the octahedron.

F0�3d ,3d� 6.39 �pd��2p,3d −1.9

F2�3d ,3d� 9.64 �pd��2p,3d 0.82

F4�3d ,3d� 6.03 �pp��2p,4p 3.5

�3d 0.059 �pp��2p,4p −1.0
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FIG. 3. Density of states of the 4p band. It is constructed from
the experimental K-edge absorption spectra �Ref. 21� with cutting
off the low-energy tail coming from the lifetime width of the core
hole. The high-energy side is arbitrarily cutoff. The integrated value
is normalized to unity.
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nearly proportional to the shift � of the Fe atom from the
center of the octahedron, again in conformity with the form
of Eq. �2.1�.

III. ABSORPTION PROCESS ON Fe

The interaction between the electromagnetic wave and
electrons is described by

Hint = −
1

c
� j�r� · A�r�d3r , �3.1�

where j represents the current-density operator and the elec-
tromagnetic field A�r� for linear polarization is defined as

A�r� = �
q
�2�
c2

V�q
ecqeiq·r + H.c., �3.2�

with cq and e being the annihilation operator of photon and
the unit vector of polarization, respectively. We approximate
this expression into a sum of the contributions from each Fe
atom

Hint = −
1

c
�
q,i

j�q,i� · A�q,i� + H.c., �3.3�

with

j�q,i� = �
nn�

�� eiq·�r−ri�jnn��r − ri�d3�r − ri�
an
†�i�an��i� ,

�3.4�

A�q,i� =�2�
c2

V�q
ecqeiq·ri, �3.5�

where the local current operator may be described by

jnn��r − ri� =
ie


2m
����n

���n� − �n
� � �n�
 −

e2

mc
A�n

��n�

+
e


mc
c � � ��n

�S�n�
 . �3.6�

The integration in Eq. �3.4� is carried out around site i and
an�i� is the annihilation operator of electron with the local
orbital with the wave function �n�r−ri�. The e and m are the
charge and the mass of electron, and 
S is the spin operator
of electron. The second term in Eq. �3.6�, which describes
the scattering of photon, will be neglected in the following
discussion. The approximation made by taking account of
the process only on Fe atoms may be justified at the core-
level spectra but less accurate in the optical region. The spec-
tra arising from the magnetoelectric effect, however, are ex-
pected to be described rather well by the present
approximation since such effects mainly take place on Fe
atoms.

For later convenience, we write the interaction between
the matter and the photon in a form,

Hint = − e�
q
� 2�

V
�q
�

i

T�q,e,i�cqeiq·ri + H.c. �3.7�

To be specific in connection with the experimental setup,15

we consider the situation that the photon propagates along
the a axis with linear polarization, as illustrated in Fig. 4.

A. E1 transition

The transition operator T�q ,e , i� for the E1 transition is
given by putting eiq·�r−rj�=1 in Eq. �3.4�. Therefore it is in-
dependent of the propagation direction of photon. For the
polarization along the z axis, the first term in Eq. �3.6� is
rewritten by employing the following relation:

� �n
� �

�z
�n�d

3r = −
m


2 �	n − 	n��� �n
�z�n�d

3r , �3.8�

where 	n and 	n� are energy eigenvalues with �n and �n�,
respectively. The 4p and 3d states are assigned to �n and
�n�, respectively. Hence the transition operator TE1 is ex-
pressed as

TE1�q,e,i� = iBE1 �
i�m�

N�m
E1 �p���† �i�dm��i� − dm�

† �i�p��� �i�
 ,

�3.9�

where i runs over Fe sites. The N�m
E1 ’s are given by Nx,zx

E1

=1 /�5, Ny,yz
E1 =1 /�5, and Nz,3z2−r2

E1 =2 /�15 for the polarization
along the z axis, Nx,x2−y2

E1 =1 /�5, Nx,3z2−r2
E1 =−1 /�15, Ny,xy

E1

=1 /�5, and Nz,zx
E1 =1 /�5 for the polarization along the x axis,

and Nx,xy
E1 =1 /�5, Ny,x2−y2

E1 =−1 /�5, Ny,3z2−r2
E1 =1 /�15, and

Nz,yz
E1 =1 /�5 for the polarization along the y axis, respectively.

The coefficient BE1 is defined by

P

M loc (Fe1)

M loc (Fe2)

q

b (z) a (y)

c (x)

FIG. 4. Geometry of absorption. Light propagates along the a
axis with polarization along the b axis or the c axis. The electric
dipole moment is along the b axis. The sublattice magnetization is
directed to the negative direction of the c axis at Fe1 sites and to the
reverse at Fe2 sites, when the external magnetic field is applied to
the positive direction of the c axis. When the external magnetic field
is reversed, the sublattice magnetization is reversed.
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BE1 = �	4p − 	3d��
0

�

r3R4p�r�R3d�r�dr , �3.10�

where R3d�r� and R4p�r� are radial wave functions of 3d and
4p states with energy 	3d and 	4p in the Fe atom. The energy
difference 	4p−	3d is not directly related to the absorbed
photon energy. Within the HF approximation in the
1s23d54p0.001 configuration of an Fe atom,20 we estimate it as
BE1�7.7�10−8 cm eV.

B. E2 transition

The transition operator for the E2 transition is given from
the second term in the expansion eiq·�r−ri��1+ iq · �r−ri�
+¯ in Eq. �3.4�. Let the photon be propagating along the y
axis with the polarization parallel to the z axis. Then we
could derive a relation,

� �n
�y

�

�z
�n�d

3r = −
m


2 �	n − 	n��� �n
� yz

2
�n�d

3r

+
i

2
� �n

�Lx�n�d
3r , �3.11�

where 
Lx is the orbital angular momentum operator. The
last term should be moved into the terms of the M1 transi-
tion. In the first term of Eq. �3.11�, the relevant states for �n
and �n� are both 3d states, and 	n−	n� may be an order of the
ligand-field energy, which is less than 1 eV. Since 	r2� is
estimated within the HF approximation as20

�
0

�

r4R3d
2 �r�dr = 3.3 � 10−17 cm2, �3.12�

we notice that the contribution from the E2 transition is
smaller than that from the M1 transition discussed in
Sec. III C.

C. M1 transition

From the third term in Eq. �3.6�, we have a relation

� eiq·�r−ri�� � ��n
�S�n��d

3r = − iq �� �n
�S�n�e

iq·�r−ri�d3r

� − iq �� �n
�S�n�d

3r . �3.13�

Adding the contribution of the last term of Eq. �3.11�, we
have a factor L+2S in the transition operator. The 3d states
are assigned to �n and �n�. Hence the transition operator for
the M1 transition is given by

TM1�q,e,i� = i
q
BM1 �
imm����

Nm�,m���
M1 dm�

† �i�dm����i� ,

�3.14�

where BM1=
2 /2m=3.8�10−16 cm2 eV. For the photon
propagating along the y axis with polarizations along the z
and x axes, we have Nm�,m���

M1 = 	m�
Lx+2Sx
m���� and
Nm�,m���

M1 = 	m�
− �Lz+2Sz�
m����, respectively.

IV. CALCULATION OF ABSORPTION SPECTRA

Restricting the processes only on Fe atoms, we sum up
cross sections at Fe sites to obtain the absorption intensity
I��q ,e�. Dividing it by the incident flux c /V, we have

I��q,e� �
4�2e2


2c

1

�q
�

i
�

f


	� f�i�
T�q,e,i�
�g�i��
2��
�q

+ Eg − Ef� , �4.1�

where T�q ,e , i�=TE1�q ,e , i�+TM1�q ,e , i�, and 
�g�i�� and

� f�i�� represent the ground and the final states with energy
Eg and Ef at site i, respectively. The sum over f is taken over
all the excited state at Fe sites.

We first calculate the energy eigenstates 
�n�d5�� with
eigenenergy En�d5� in the 3d5 configuration, and 
�n�d4��
with eigenenergy En�d4� in the 3d4 configuration, by diago-

nalizing the Hamiltonian H3d+ H̃3d−3d. As already stated in
Sec. II, the exchange field Hxc in Eq. �2.6� is assumed to be
directed to the negative direction of the c�x� axis at Fe1 sites
and the reverse direction at Fe2 sites when the external mag-
netic field is applied to the positive direction of the c axis.
All the directions could be reversed by reversing the external
magnetic field since the actual compound is a ferrimagnet.
The shift � of Fe atoms along the b axis is assumed �
=0.26 Å at Fe1 sites and �=−0.11 Å at Fe2 sites, respec-
tively.

As regards the lowest-energy state 
�g�d5��, we have the
state 6A1 under the trigonal crystal field, if we disregard the
exchange field and the spin-orbit interaction. The inclusion
of these interactions could induce the orbital moment 	Lx�
but its absolute value is given less than 0.004. Two types of
octahedrons give the same angular momentum.

Within the first-order perturbation with the effective hy-

bridization H̃4p−3d, we could express the ground state 
�g�i��
and the optical final states 
� f�i�� as


�g�i�� = 
�g�d5��

+ �
nk��


�n�d4�,k���
1

Eg�d5� − �En�d4� + 	4p�k�


� 	�n�d4�,k��
H̃4p−3d
�g�d5�� , �4.2�


� f�i�� = 
� f�d5��

+ �
nk��


�n�d4�,k���
1

Ef�d5� − �En�d4� + 	4p�k�


� 	�n�d4�,k��
H̃4p−3d
� f�d5�� , �4.3�

with Eg=Eg�d5� and Ef =Ef�d5� being the lowest and excited
energies in the d5 configurations, respectively. Here

�n�d4� ,k��� represents the state of four electrons in the
3d states and one electron on the 4p states specified by
��=x ,y ,z�, spin �, and momentum k. The sum over k may
be replaced by the integral with the 4p DOS. The explicit
dependence on site i is abbreviated in the right-hand side of
Eqs. �4.2� and �4.3�. From these wave functions we obtain
the expressions of optical transition amplitudes at site i by
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ME1�q,e,i; f� � 	� f�i�
TE1�q,e,i�
�g�i�� = �
nk��

	� f�d5�
TE1�q,e,i�
�n�d4�,k���

�
1

Eg�d5� − En�d4� − 	4p�k�
	�n�d4�,k��
H̃4p−3d
�g�d5�� + �

nk��

	� f�d5�
H̃4p−3d
�n�d4�,k���

�
1

Ef�d5� − En�d4� − 	4p�k�
	�n�d4�,k��
TE1�q,e,i�
�g�d5�� , �4.4�

MM1�q,e,i; f� � 	� f�i�
TM1�q,e,i�
�g�i��

= 	� f�d5�
TM1�q,e,i�
�g�d5�� . �4.5�

With these amplitudes, we have

I��q,e� �
1


�q
�

i
�

f


ME1�q,e,i; f�

+ MM1�q,e,i; f�
2��
�q + Eg�d5� − Ef�d5�
 .

�4.6�

Now we examine the symmetry relation of the ampli-
tudes. First, let the propagating direction of photon be re-
versed with keeping other conditions. The magnetic field as-
sociated with the photon is reversed, NM1’s in Eq. �3.14�
change their signs. Since other conditions are the same, we
have the new amplitudes �ME1��=ME1 and �MM1��=−MM1.
Second, let the local magnetic moment at each Fe atom be
reversed with keeping the same shifts from the center of
octahedron. The reversing of the local magnetic moment cor-
responds to taking the complex conjugate of wave functions.
Considering Eq. �4.4� together with Eq. �3.9�, we have
�ME1��=−�ME1��. Also, considering Eq. �4.5� together with
Eq. �3.14�, we have �MM1��= �MM1��. Third, let the shifts of
Fe atoms from the center of octahedron be reversed with
keeping the same local magnetic moment, which means the
reversal of the direction of the local electric dipole moment.

This operation gives rise to reversing the sign of H̃4p−3d but
no change in the 3d states with the 3d5 and 3d4 configura-

tions because the ligand field H̃3d−3d changes according to �2.
As a result, we have the new amplitude �ME1��=−ME1 from
Eq. �3.9� but no change �MM1��=MM1.

As already stated, the direction of the local magnetic mo-
ment could be reversed by reversing the direction of the ap-
plied magnetic field since the actual material is a ferrimagnet
with slightly deviating from a perfect antiferromagnet. We
define 
I��q ,e� by the difference between the absorption
intensity with the applied magnetic field along the positive
direction of the c axis and that with the field along the re-
verse direction. From the second symmetry relation men-
tioned above, we have


I��q,e� �
2


�q
�

i
�

f

��ME1�q,e,i; f�
�MM1�q,e,i; f�

+ �MM1�q,e,i; f�
�ME1�q,e,i; f����
�q + Eg�d5�

− Ef�d5�
 . �4.7�

Considering the sign change, we infer from the above sym-
metry relations that


I��q,e� �
q


q

· �

i

Ploc�i� � Mloc�i� , �4.8�

where Ploc�i� and Mloc�i� are the electric and the magnetic
dipole moment of Fe atom at site i, respectively �Ploc�i�
��i��0,0 ,��
. This relation may be regarded as a lowest-
order expansion with respect to �i and Mloc�i�. The right-
hand side of Eq. �4.8� is the sum of the local toroidal mo-
ment ��i� ���i�Mloc�i�
.24

Figure 5 shows the calculated 
I��q ,e� as a function of
�q, in comparison with the experiment. We have replaced the
� function ��x� in Eq. �4.7� by a Lorentzian form
�� /�� / �x2+�2� with �=0.1 eV. The calculated peak height
at �1.2 eV is set to be the same as the experimental one for
the polarization e along the b axis. We have a two-peak
structure around 
�q=1.0–1.5 eV in agreement with the ex-
periment but could not reproduce a dip found experimentally
around 
�q=1.7–2.3 eV. On the other hand, without further
adjustment, we have a considerable dip around 
�q
=2.0–2.5 eV for e along the c axis, in agreement with the
experiments.

Fe atoms are under the cubic symmetry without displace-
ment, and the lowest and low-lying excited states are char-
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FIG. 5. Difference of absorption intensities 
I��q ,e� as a func-
tion of photon energy 
�q between the applied magnetic field along
the positive and negative directions of the c axis. Photon propagates
along the positive a axis with polarization vector e along the b and
c axes, respectively. Experimental data are taken from Ref. 15.
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acterized as 6A1, 2T2, 4T1, and 4T2 with neglecting the spin-
orbit interaction and the exchange field.25 The excitation
energies for 2T2, 4T1, and 4T2 are estimated 1.34, 1.59, and
2.45 eV, respectively, within the present cluster model. Note
that the direct absorption processes 6A1→ 2T2, 6A1→ 4T1, and
6A1→ 4T2 are forbidden. The displacement of the Fe atom
generates a trigonal field and makes the energy levels of the
excited states split. The spin-orbit interaction and the ex-
change field further modify these states. The magnetoelectric
spectra around 1.0–1.5 eV and around 1.7–2.3 eV might be
interpreted as transitions to the states dispersed from 2T2 and
4T1, and those from 4T2, respectively.

V. CONCLUDING REMARKS

We have studied the magnetoelectric effects on the
optical-absorption spectra in a polar ferrimagnet GaFeO3. We
have considered the E1, E2, and M1 processes on Fe atoms,
and have performed a microscopic calculation of the magne-
toelectric spectra using a cluster model of FeO6. The cluster
consists of an octahedron of O atoms and an Fe atom dis-
placed from the center of octahedron. We have disregarded
additional small distortions of the octrahedron. Due to the
noncentrosymmetric environment on the Fe atom, we have
an effective hybridization between the 4p and 3d states
through the O 2p states and thereby the mixing of the 3d44p
configuration to the 3d5 configuration. This mixing makes
the E1-M1 interference process survive and gives rise to the
magnetoelectric spectra. We have evaluated the E1-M1 pro-
cess by using the energy eigenstates given in the 3d44p con-
figuration and the 3d5 configuration. The Coulomb interac-
tion between 3d electrons and the hybridization are assumed
to be nearly the same as previous cluster calculations.19,23 We
have obtained the magnetoelectric spectra as a function of
photon energy in the optical region 1.0–2.5 eV, in agreement
with the experiment.

In the experiment, the conventional absorption spectra, a
part independent of the direction of magnetization, were

measured with intensity about three orders of magnitude
larger than the magnetoelectric part.15 On the other hand, in
the present approach considering only the local process on
Fe atoms, the “total” intensity, which is given by the E1-E1
and M1-M1 processes, is estimated as merely one order-of-
magnitude larger than that of the E1-M1 process. This sug-
gests that other processes such as the transition from the
valence band to the conduction band involving Ga and O
atoms may add larger contributions. As far as the magneto-
electric spectra are concerned, however, the present approach
considering only the local process on Fe atoms is expected to
work well since the E1-M1 interference process could take
place only on Fe atoms. Finally, from a different point of
view, we would like to comment that the approach of con-
sidering the multiple scattering of a 4p electron in the non-
centrosymmetric potential and the Coulomb interaction be-
tween the 4pd4 and the d5 configurations may improve the
above situation. The critical study is left in future.

We have concentrated on the spectra in the optical region.
In the x-ray region, the magnetoelectric effects have also
been studied.21,26–29 Since the core electron is excited there,
the local approach in this paper would be better applicable to
the x-ray region than to the optical region, where the E1-E2
�not E1-M1� interference process gives rise to the magneto-
electric spectra. It may be interesting to analyze microscopi-
cally the nonreciprocal directional dichroism observed in the
Fe pre-K-edge x-ray absorption in GaFeO3 �Ref. 21� by us-
ing a similar cluster model. In this context, we would like to
comment that the magnetoelectric effect on the resonant
x-ray scattering spectra has been analyzed at the Fe
pre-K-edge in Fe3O4,19 where Fe atoms at A sites are located
at the center of tetrahedron in noncentrosymmetric environ-
ment.
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