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Resonant x-ray Bragg diffraction experiments on space group forbidden reflections of type �0k0� with k odd
taken in the vicinity of the Fe K edge are used to study magnetoelectric effects in GaFeO3. The main intensity
of the various spectral features is caused by the E1-E1 transition and can be ascribed to the observation of an
electric quadrupole moment, giving different intensities within a Friedel pair. Collecting the magnetic field
difference intensity by having the magnetization parallel or antiparallel to the c axis in the ferrimagnetic phase
is discussed in the framework of magnetoelectric multipole moments, which are both parity and time odd. The

azimuthal angle dependence and the sign change in the magnetic signal when going from �0k0� to �0k̄0�
reflections can be understood by the interference of the electric quadrupole with that of magnetoelectric
quadrupole and octupole moments.

DOI: 10.1103/PhysRevB.82.104411 PACS number�s�: 75.85.�t, 75.25.�j, 75.50.Gg

I. INTRODUCTION

Since the discovery of multiferroic materials with electric
polarization caused by the electronic degree of freedom,1 the
magnetoelectric effect has attracted significant interest. In
many of these materials, there is a strong relation between
the occurrence of ferroelectricity and magnetic phase transi-
tions. Moreover, it has been shown that magnetic fields
strongly influence the ferroelectric polarization1,2 and that
the magnetization chirality3 and magnetic structure4 can be
influenced by the application of electric fields. Despite the
fact that these experiments directly probe the magnetoelec-
tric coupling, an atomic understanding of the magnetoelec-
tric effect is still missing in these materials.

A multiferroic order parameter based on the coupling of
magnetic moments and electric polarization could be pro-
duced by considering the toroidal moment �also called ana-
pole moment�, which in its simplest form is �i�Si�Ri with
Si the spin and Ri the electric dipole moment at the same
site. Toroidal domains, which could be represented by a
ferro-type order of toroidal moments, can be best observed
with optical methods, e.g., second-harmonic generation as
nicely demonstrated in LiCoPO4.5 The observation of toroi-
dal moments on the atomic level on a given site i is much
more challenging. Dichroic x-ray techniques �absorption and
scattering� can in principle be used to detect atomiclike mag-
netoelectric multipole moments, for which the toroidal mo-
ment represent the dipole �rank 1�. Several studies of that
type have already been interpreted with use of magnetoelec-
tric multipole moments such as the magnetoelectric mono-
pole, dipole, and quadrupole.6–10 Though there is a direct
relation between these multipole moments and the magneto-
electric effect, the disentanglement and determination of
these atomiclike multipole moments in multiferroics remains
a challenge.

An ideal candidate for a fundamental study of these
strange magnetoelectric multipoles is GaFeO3, a magneto-
electric material already studied more than 30 years ago.11–13

The material is piezoelectric and crystallizes in the polar
space group PC21n with lattice constants of approximately,
a=8.75, b=9.40, and c=5.08 Å.14 The Fe3+ ions in GaFeO3
are �with its half-filled-shell electronic configuration 3d5� ex-
pected to be isotropic in its electron-density distribution with
zero orbital magnetic moment. The material is ferrimagnetic
with magnetization direction along the crystal c axis below
TC�210 K and the transition temperature depends on the
Fe, Ga intersite mixing.15 X-ray magnetic circular dichroism
experiments showed that the orbital magnetic moment is not
really zero, indicative for a large hybridization of Fe 3d
states with oxygen 2p orbitals.16 Optical and x-ray absorp-
tion experiments have been performed on GaFeO3,17,18 and
were interpreted by theoretical calculations based on atomic
magnetoelectric multipole moments.8,19–21 More recently,
resonant x-ray diffraction experiments have been performed
at the K edge7 and the L2,3 edges of Fe.10 The studied �0k0�
reflections have the advantage that magnetic scattering does
not contribute to the reflection intensities for the electric di-
pole �E1� transition. The experiments at the K edge are sen-
sitive to magnetoelectric multipoles of rank one and two and
interpretation of data is based on different absorption events
such as E1, magnetic dipole �M1� and electric quadrupole
�E2�. Experiments in the soft x-ray regime �Fe L2,3 edges�
were interpreted in terms of the magnetoelectric charge
�monopole� and quadrupole through an E1-M1 event. The
basic concept of such an interpretation has been introduced
in Ref. 8.

In the present study, we used resonant x-ray diffraction at
the Fe K edge to observe the magnetoelectric multipole mo-
ments at space group and magnetic structure forbidden re-
flections. A single reflection of that type has previously been
investigated with soft x rays10 but here we study several
reflections by the magnetic field difference technique previ-
ously applied to the K edge study of the space group allowed
reflections.7 With such an approach, the strongest signals
�charge and magnetic scattering� does not contribute to the
observed signals. Clear nonzero differences are observed in
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the pre-edge regime and azimuthal angle scans give evidence
for several multipole contributions to the scattering. The
magnetoelectric behavior is evidenced by the sign change in
the magnetic difference when interchanging the Friedel pair

reflections �0k0� and �0k̄0�.

II. EXPERIMENTS

Stochiometric amounts of Ga2O3 �99.99% purity� and
Fe2O3 ��99.0% purity� were thoroughly ground together
and then synthesized at 1200 °C for 20 h in air with an
intermediate grinding after 10 h. The powder was then com-
pacted into a rod and sintered in a vertical tube furnace at
1350 °C for 30 h in air. Single crystals were grown under
8.5 bar oxygen at zoning rate of 2 mm/h. A single crystal was
cut along the �0 1 0� surface and glued on to the copper
sample holder mounted in a He flow cryostat reaching tem-
peratures between 10 and 300 K. Resonant x-ray diffraction
experiments were performed at Diamond Light Source, on
Beamline I16 �Materials & Magnetism22�. The horizontally
polarized beam was monochromatized by a Si �111� channel-
cut monochromator. Experiments were performed with a fo-
cus of approximately 185�35 �m2 and x-ray energies in
the vicinity of the Fe K edge �7.1 keV�. The magnetization of
the sample was changed by mounting an electromagnet out-
side of the diffractometer and applying a field of 0.2 T when
the sample was positioned with the c axis �magnetization
direction� collinear to the field. The corresponding azimuthal
angle is a rotation about the reflection �= �0k0� of �=90° for
this configuration. Having the c axis in the scattering plane
corresponds to �=90°. The experiments are performed in
zero magnetic field �remanescence�. To measure the second
reflection of the Friedel pair, the sample was reglued upside
down. This corresponds to a rotation of the crystal around
the c axis by �. All experiments were performed with inci-
dent x-ray polarization normal to the plane of scattering �	
polarization� and without analysis of the scattered x-ray
polarization.

III. RESULTS

To obtain an energy scan of the space group forbidden
reflection of type �0k0� with k odd in the vicinity of the Fe K
edge, the azimuthal angle � was scanned in the vicinity of
the optimal angle, e.g., around �=90°. A � value in this
region, without significant contributions from multiple scat-
tering, was then selected for the energy scans, taken at fixed
x-ray momentum transfer �Q=��. The energy scan of the
�050� reflection is shown together with the fluorescence in
Fig. 1. There are three clear features observed in the energy
scan of the �050� reflection, located at approximately 7.113,
7.123, and 7.129 keV. These features are robust against small
variation in the azimuthal angle, indicative that they are not
affected by remaining contributions of multiple-scattering
peaks. The lowest lying peak is observed at the same energy
as the pre-edge feature observed in the fluorescence spectra.
The other two features are clearly appearing in the main edge
regime, where the first derivative of the absorption ��E� has
maxima. This indicates that the main edge features are likely

dominated by electric dipole-electric dipole �E1-E1� events,
whereas the interpretation in the pre-edge regime is possibly
more complex.

The two higher lying features are expected to be good
candidates for Templeton and Templeton scattering �aniso-
tropy of tensor of susceptibility� or often called orbital scat-
tering. In case of GaFeO3, though, the term “orbital scatter-
ing” might be slightly misleading as the Fe 3d5 shell is close
to spherical. However, at the main edge, the empty Fe 4p
states are probed. These states may have a significant orbital
moment and can therefore be strongly aspherical, leading to
a significant scattering from the 4p electric quadrupoles
probed at the Fe K edge. That the intensity is caused by the
asphericity of the 4p states can be seen from the azimuthal
angle dependence of the three features shown in Fig. 2,
which all follow a simple sin2 � dependence, as predicted
from the symmetry evaluation.10 Hybridization with oxygen
s states and covalent bonding would also allow the dipole
E1-M1 transition to contribute.8 Note that there is a shift in
the origin of � between the soft x-ray experiments10 and
results presented here by � /2.

The energy spectra of the intensity difference with having
the sample in opposite magnetization states in the ferrimag-
netic phase is shown in Fig. 3 together with its sum. The
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FIG. 1. �Color online� Peak maxima intensity of the space group
forbidden �050� reflection of GaFeO3 in the vicinity of the Fe K
edge taken at 100 K and �=88.5°.

0

5000

10000

15000

-180 -135 -90 -45 0 45 90 135 180

7113eV

7123eV

7129eV

X
-r
a
y
in
te

n
si
ty

(a
rb
.
u
n
it
s)

� (degrees)

(050)

FIG. 2. �Color online� Azimuthal angle dependence of the �050�
reflection taken at three different energies in the vicinity of the Fe K
edge at 100 K. The close lying points are taken at slight different
azimuths at positions were the multiple-scattering contributions are
weak.
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difference intensity has clear minima at 7.112 keV, where the
pre-edge feature of the sum has approximately its half height
�a maximum in its first derivative�. The absolute value of the
difference intensity is at most 5% of the peak value. Only the
pre-edge regime, where it is common to observe additional
E1-E2 and E2-E2 and possibly E1-M1 events, a clear differ-
ence signal is observed. Note that from the soft x-ray experi-
ment on the forbidden �010� reflection and the symmetry
analysis,10 we know already that scattering at reflections with
k odd �0k0� can and do only occur in the rotated polarization
channel 	-� or �-	.

The energy scans of three different Friedel pairs of the
space group forbidden �0k0� reflections are shown in Fig. 4.
The spectra for k= 
5 are contaminated with one multiple-
scattering peak, which was identified through measurements
of small variations in �. The energy dependence within each
pair is significant different. Whereas there is always a clear
pre-edge feature, though with different intensity, the spectral
features at higher energies are not only different in their in-
tensity ratio but also show features occurring at different
energies. For example, we find three peaks in the E1-E1
dipole transition dominated regime for the �030� reflection at

7.113, 7.1237, and 7.129 keV, whereas the �03̄0� reflection
shows only two, at 7.122 and 7.1285 keV. As the azimuthal
angle dependence indicated for the �050� reflection, that
these features are of E1-E1 origin, it is unlikely to be differ-
ent for the other obtained reflections. It is well known that
Friedel pairs have equal intensity in nonresonant diffraction
experiments. If however, the space group has no inversion
symmetry, the Friedel pairs will get different intensity from
each other at �or close to� resonance due to the fact that the
individual complex contributions in the phase factor of the
ions no longer cancel and are reversed within the individual
Friedel pairs. The structure factor of a resonant space group
forbidden reflection can be written as

F�E� = �
i

f i�E�ei�Ri �1�

with f��E�+ if��E� as the real and imaginary parts of the
resonant scattering factor and Ri the position of the ith ion

within the unit cell. It has been shown that for GaFeO3, only
a single term, reflecting an electric quadrupole moment �T1

2��
contributes to the parity even E1-E1 scattering. A single
damped harmonic-oscillator function gives f��E�+ if��E�
= f / �Ei−Eg−��+ i�.

For any centrosymmetric crystal structure, the Friedel
pairs have equal intensity �at any energy�. Moreover, for any
crystal symmetry, if the scattering arises only from a single
resonance type, without interference of Thomson scattering,
then the pairs must have identical spectra. Observation of
different energy spectra for members of Friedel pairs of
space group forbidden reflections therefore requires the pres-
ence of both a noncentrosymmetric structure and multiple
resonance types. The present results therefore determine that
the iron sites experience significantly different crystal fields.

The energy dependences of the difference of having the
sample magnetized in the opposite directions for the Friedel
pairs are shown in Fig. 5. Interestingly, for all reflections
with positive k the intensity differences are negative, and
those for negative k the intensity difference is always posi-
tive, at the energy with maximal difference. �Note that there
is an arbitrary scale factor between the three reflections of
positive +k compared to those of −k.� The reversal between
opposite signs of k is a direct consequence of the magneto-
electric effect, as already investigated by resonant scattering
techniques at the charge allowed reflections7 and the soft
x-ray resonant diffraction experiments.10 However, the inter-
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FIG. 3. �Color online� Sum �open circles� and difference �solid
circles� of the energy-dependent x-ray intensity of the �050� reflec-
tion after the application of a magnetic field of 
0.2 T taken at
110 K. Data are taken in remanescence.
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FIG. 4. �Color online� Energy dependence of space group for-
bidden �0k0� reflections in GaFeO3 taken at 100 K. Multiple scat-
tering contributions are labeled “MS.” The Friedel pairs were ob-
tained by rotating the crystal around the crystal c axis.
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pretation is more rich, as can be seen from the maxima/
minima of the difference in the energy spectra which do not
occur at the exact same energies for the Friedel pairs. More-
over, there is a clear change in sign in the energy dependence
of the magnetization difference for both k= 
3 reflections.
That the magnetic signal observed is coupled to the magnetic
order of the system can be seen from the temperature depen-
dence, which is shown in Fig. 6. It is evident that the differ-
ence signal disappears above TC.

To gain more information on the magnetoelectric type of
scattering, we have collected azimuthal angle dependence of
the difference intensities with different magnetization direc-
tions for the Friedel pair with k= 
5, which is shown in Fig.

7. Again a clear inversion of the difference signal is observed
at �=−90°, at the position where the energy scan was taken.
The azimuthal scan gives clear indication of more than one
contribution to the scattering. It is not simply described by a
sine or cosine function of the azimuthal angle �.

A more detailed analysis of the azimuthal angle depen-
dence is based on the model successfully describing the data
on the �0k0� reflections taken at the K edge of Fe for charge
allowed reflections �k even� and for k odd at the Fe L2,3
edges.8,10 For that purpose magnetoelectric multipole mo-
ments are additionally introduced named here Gq

k. The mag-
netoelectric multipoles do change sign when changing the
magnetization �are time odd� and they also change sign un-
der inversion of the local space coordinates �parity odd�. The
electric quadrupole neither changes its sign when inverting
time nor space since it is parity and time even. In this de-
scription here, we assume for simplicity that the energy po-
sition of the resonance is the same for all the terms with
equal parity, which is a good approximation when consider-
ing a single parity even with a parity odd transition dominat-
ing the observed signals. Then the scattering amplitude can
be written as8

F � �
j=�,�

dj�E��Cj + Mj� �2�

for which the dj�E� represents the resonance �damped
harmonic-oscillator function� and Cj to the time even and Mj
to the time odd parts of the structure factor. The j=� com-
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FIG. 5. �Color online� Energy dependence of the magnetization
difference intensities of the space group forbidden �0k0� reflections
in GaFeO3 taken at 100 K and �=−90°.
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del pair of k= 
5 in GaFeO3. The fit is based on a model of mag-
netoelectric multipole moments with an orbital contribution as
explained in the text.
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ponents can be assigned to be parity even and the j=� com-
ponents as parity odd. The individual terms in Eq. �2� are

C� = At����sin��� , �3a�

M� = iBm���� , �3b�

C� = iBt� sin��� , �3c�

and

M� = Am���� . �3d�

From the definition above, m represents magnetic terms and
t nonmagnetic terms, with t�, m�, and m� even functions of
the azimuthal angle and t� independent of the angle. The first
two terms �Eqs. �3a� and �3b�� are caused by parity even
transitions such as E1-E1 or E2-E2 and the second two �Eqs.
�3c� and �3d�� by either E1-M1 or E1-E2 transitions. The
constants A and B are complex and solely defined by the
phase factors of the Fe ion positions and the Miller index k
of the probed reflection as derived in Ref. 8, whereas m and
t are purely real. A minimal model to describe the magnetic
field difference reflection intensities can be based on the in-
terference of two events and written as

�I � 	 �
j=�,�

dj�E��Cj + Mj�	2
− 	 �

j=�,�
dj�E��Cj − Mj�	2

.

�4�

Equation �4� transforms to

�I � 4
d��E�
2sin�����AB����t�m� + 
R�E�
2t�m��

+ R�E���
A
2t�m� + 
B
2m�t��� �5�

with R�E�=d��E� /d��E�. This approximation shows that
there is an overall dependence of the difference intensity of
the reflection going with sin �, in accord with Fig. 7. Chang-
ing from k to −k, leads to a sign change in the parity even
terms t� and m� and the complex phase factors A and B will
transform to A� and B�. Note k→−k corresponds to a flip-
ping of the sample upside down �in our case a rotation
around the c axis by �� and is not equivalent to an inversion
operation. As already pointed out, the tensorial contribution
of the E1-E1 event has a single quadrupole and t� does not
depend on � and m�=0 because the magnetization lies along
the crystal c axis. For E1-M1 the formula can be easily ex-
tracted from Ref. 10, and t� contains simply the polar mo-
ment �U0

1� and m� the magnetic charge �monopole� �G0
0� and

the two components of the magnetoelectric quadrupole �G0
2�

and �G2
2��, which was determined at the Fe L2,3 edges. Note

that there is an origin shift in � of � /2 between this study
and Ref. 10. Considering the E1-E2 event for the pre-edge to
dominate the parity odd event, t� will contain several polar
multipoles, including dipolar, quadrupolar, and octopolar
contributions, but t� will still remain independent on �. For
the magnetoelectric contribution m����, the parity and time
odd term, there is no monopole contribution �G0

0�. Instead,

because it is a higher order transition, a component of the
magnetoelectric octopole appears and the explicit form of
M���� in Eq. �3� is written following Ref. 8 as

M���� =
A
5
�− cos2 � cos�2�� +

1

2
�3 cos�2�� − 1���G0

2��

+
4A
30

�1

2
cos2 � cos�2�� +

3

4
�3 cos�2�� − 1���G0

2��

−
8A
15

cos2 � cos�2���G2
3��. �6�

IV. DISCUSSION

The observed differences of Friedel pairs of space group
forbidden reflections and its dependence on the azimuthal
angle � can be well described by a simple atomic model of
interference between a parity even and a parity odd event.
The difference to the interpretation of the resonant diffrac-
tion study in the soft x-ray regime �L2,3 edges� depends
strongly on which transition is indeed dominating in the Fe K
pre-edge region. If the E1-E1 and E1-M1 transitions would
dominate, the experiment would have observed the magne-
toelectric quadrupole and possibly its monopole. However,
these multipoles would represent the properties of the Fe 4p
states. That such multipoles can indeed have nonzero expec-
tation values has been recently and explicitly shown by use
of model wave functions.23 They are based on the overlap of
parity even and parity odd wave functions of the open Fe 3d
shell with those of the neighboring 2p shell. In contrast to
the L edge experiments the time and parity even contribution
from the E1-E1 is expected to be much stronger than the
E1-M1 magnetoelectric term and the polar term. This is due
to two reasons. First, the 4p shell electric quadrupole directly
relates to the O 2p, Fe 4p overlap and can be large, whereas
the 3d5 shell is almost spherical having a small electric quad-
rupole only. Second, because the Fe 4p states are probed, the
magnetic �magnetoelectric� signal is related to an induced
weak magnetic moment in the 4p shell, with correspondingly
weak magnetoelectric signals. In addition, one would expect
significant magnetic contributions to the main edge regime
too because both transitions are of dipole origin. No mag-
netic contribution is observed at the main edge. Even though
the E1-M1 transition has been used to describe the interfer-
ence �with the E1-E2 transition� observed in the energy scan
of the space group allowed reflections k even, it is more
likely that the main contributions observed here are coming
from the interference of the E1-E1 and E1-E2 terms. In this
case, the experiment confirms clearly the observation of sig-
nificant contributions of the magnetoelectric multipole mo-
ments of higher rank. These experiments therefore give fur-
ther confidence in the occurrence of significant
magnetoelectric multipole moments in the 3d shell of Fe and
are in good agreement with those of the Fe L2,3 edges prob-
ing directly the Fe 3d shell. Unfortunately, even though m�

=0, the individual sizes of the three contributing magneto-
electric multipole moments cannot be extracted. A further
comparison with the K edge experiments on the space group
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allowed reflection is not possible, as the changing k even
with k odd leads to different selection rules for the magne-
toelectric and polar multipoles. The k even experiment is
sensitive to the toroidal moment �anapole or magnetoelectric
dipole� and also to the magnetoelectric quadrupole. But the
quadrupole term have different projections compared to the k
odd reflections. Another important difference concerns the
fact that at these space group allowed reflections, a ferro-type
order is probed, in contrast to the space group forbidden k
odd reflections, where the antiferro-type order of these
strange multipoles are probed.

The observation of magnetoelectric multipole moments is
an excellent way to test the wave functions of magnetic ions
on sites with no inversion symmetry. Theoretical attempts in
describing the observations have already been done for the k
even reflections7,8,21 and for the x-ray absorption
experiments.8,24 Understanding the interaction of magnetic
structure and ferroelectricity in multiferroics on the level of
atomic wave functions is certainly a challenge today. The
observation of magnetoelectric multipole moments can cer-
tainly contribute in this, as they represent the interesting
overlap of these wave functions responsible for the magne-
toelectric coupling. Further experimental efforts in finding
systems, where individual magnetoelectric multipoles can be
singled out as well as further theoretical effort in describing
the energy dependence of these multipoles will be important
for understanding the magnetoelectric effect on the atomic
level.

V. CONCLUSIONS

Resonant x-ray diffraction experiments on space group
forbidden reflections of type �0k0� with k odd taken in the
vicinity of the Fe K edge are presented on magnetoelectric
GaFeO3. The observed sin � dependence on the azimuthal
angle of the different spectra features indicates a dominance
of the E1-E1 transition and can be ascribed to the observa-
tion of an electric quadrupole moment. The different spectral
shapes collected for the Friedel pairs give indications of in-
terference effects due to contributions from different Fe sites.
It is shown that collecting the difference intensity with mag-
netization parallel or antiparallel to the c axis in the ferri-
magnetic phase test directly magnetoelectric multipole mo-
ments, which are both parity and time odd, and disappear at
the ferrimagnetic order temperature. The azimuthal angle de-
pendence and the sign change in the magnetic signal when

going from �0k0� to �0k̄0� reflections can be understood by
the interference of the electric quadrupole with that of mag-
netoelectric quadrupole and octupole moments in the frame
work of E1-E1 and E1-E2 transitions.
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