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Electronic and magnetic properties of GaFeO3: Ab initio calculations for varying Fe/Ga ratio,
inner cationic site disorder, and epitaxial strain
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In this study we present ab initio density-functional theory calculations on stoichiometric, cation-doped, and
strained GaFeO3. We start with a detailed discussion of the origin of the antiferromagnetic (AFM) superexchange
in stoichiometric GaFeO3 and give a molecular orbital description of the exchange mechanism derived from
our calculations. In addition, we study the properties of the Fe-O-Fe bonds for different geometries to underline
the angle and distance dependence of the AFM coupling as formulated in the Goodenough-Kanamori rules. We
describe the AFM ground state of GaFeO3 as a result of two intrinsic Fe-O-Fe chains that meander through the
crystal along the c direction. The magnetocrystalline anisotropy energies are calculated for the stoichiometric
phase with and without inner cationic site disorder, and the presence of a sublattice-dependent anisotropy is
examined. Furthermore, we perform our studies of Ga2−xFexO3 for varying Fe concentrations x(0.0 � x �
2.0) where at a value of x = 0.0 and x = 2.0 it transforms into the isomorphic ε-Ga2O3 and ε-Fe2O3 phases,
respectively. The effect of strain was also studied. Incorporating dopants and applying strain to the simulation
cell changes the intrinsic geometry and thus the magnetic properties of gallium ferrite.
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I. INTRODUCTION

GaFeO3 (GFO) is a multiferroic material showing both
antiferromagnetic (AFM) and ferroelectric behavior in its
ground state. Ferroelectricity and magnetism coexist in a
single phase, leading to the so-called magnetoelectric effect
(ME) [1–3]. Magnetic and electric properties couple in such a
system. Consequently, the magnetic properties can be altered
via an applied electric field and the inner electric properties,
like polarization, can be changed by an external magnetic field.
This makes GFO suitable for a wide range of applications
in electronic devices and an interesting material for further
investigations.

Most of the multiferroic materials have magnetic ordering
temperatures below room temperature as well as an AFM
ground state. A common method to increase the magnetic
ordering temperature and to overcome the AFM ground state
is the incorporation and exchange of atoms. A great number of
recent experimental and computational studies examined the
effect of excess Fe mainly focusing on a doping concentration
of 0.9 � x � 1.4 in Ga2−xFexO3. They report an increase of
the ordering temperature and the total magnetic moment with
increasing amount of Fe [1,4–7]. Since both ε-Ga2O3 (ε-GO)
and ε-Fe2O3 (ε-FO) are isomorphic structures of GFO [8,9],
doping concentrations of 0.0 � x � 2.0 can be investigated
without facing any phase stability problems.

GFO is also known to exhibit inner cationic site disorder
[1,7,10,11] causing the total magnetic moment to be nonzero
without changing the Fe concentration.
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The electric polarization is a main feature of GFO. Recent
experimental and theoretical studies investigate its origin and
a possible alteration [3,5,12,13].

Another interesting property of GFO is its magnetocrys-
talline anisotropy energy (MAE). Experimental and computa-
tional studies [1,14,15] reveal the c axis as the magnetic easy
axis and the b axis as the magnetic hard axis of the system. In
addition, Reddy et al. [6] have shown a sublattice-dependent
MAE in GFO. Motivated by that we calculate the energetic
difference and the contribution of the respective sublattices
to the total MAE by including spin-orbit coupling in our
calculations. This is done for pure GaFeO3 and for the case of
inner cationic site disorder.

The application of strain is also known to possibly alter the
electronic and magnetic properties of a system, due to stress
induced changes in the cell geometry. Strain evoked changes
in the AFM coupling strength are examined, stretching and
compressing the simulation cell in the a, b, and c directions
while keeping the volume constant. This is done for a doping
concentration of 0.9 � x � 1.4 and the case of inner cationic
site disorder.

GFO has a noncentrosymmetric crystal structure and
belongs to the Pc21n (No. 33) space group. The unit cell
is orthorhombic with experimentally determined lattice para-
meters of a = 8.735 Å, b = 9.383 Å, and c = 5.077 Å [11].
Formally, iron and gallium are both in a 3+ state, whereas
oxygen is in a 2− state. The magnetic moment is located on
the Fe atoms, showing a magnetic moment of about 4μB/atom
[1,11,15] making GFO an AFM semiconductor. GFO has
four cationic sublattices indexed by 1 and 2 for Ga and Fe,
respectively (Fig. 1). Fe atoms on the Fe1 and Fe2 sites couple
antiferromagnetically and as well as Ga2 sites are surrounded
by an oxygen octahedron. Ga1 is located inside an oxygen
tetrahedron.

Performing ab initio DFT calculations of the electronic and
magnetic structure we examine the effects of strain, cation
doping, and inner cationic site disorder on the AFM coupling
strength. Our calculations yield a better understanding of the
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FIG. 1. (Color online) Cell structure of pure GFO. The Ga1, Ga2,
Fe1, and Fe2 sublattices are indicated.

magnetic properties of GFO and therefore may support the
possibilities of tailoring the electronic and magnetic properties
of GFO for a future application in electronic devices.

II. COMPUTATIONAL DETAILS AND METHODS

All calculations were carried out with the Vienna Ab initio
Simulation Package (VASP) [16–21], which uses projector
augmented wave (PAW) pseudopotentials [22] to describe the
potential between the ions.

The simulations were carried out on an 8-f.u. (formula
units) unit cell containing 40 atoms. To provide a reliable
description of the effects of electronic correlation the calcula-
tions were performed using the GGA+U formalism [23] and
Heyd-Scuseria-Ernzerhof (HSE) hybrid functionals [24–27].
The GGA+U implementation uses the Dudarev formalism.
The effective on site Coulomb and exchange parameters were
set to U = 5 eV and J = 1 eV, yielding reliable results for
the magnetic moments and the cell parameters as compared to
experiment.

In the case of doped and strained GFO the simulation
cell was relaxed within the GGA+U approximation until all
force components were smaller than 0.01 eV/Å. The atomic
positions, the shape, and the volume of the simulation cell
were allowed to change during relaxation. Plane waves with
an energy up to 550 eV were included in the basis set in order
to avoid Pulay forces. The Brillouin-Zone integration was
performed on a 6 × 6 × 6 � centered k mesh with a Gaussian
smearing of 0.05 eV. Total energies were converged better than
1 × 10−6 eV.

Calculating the MAE the spin-orbit coupling was included
to the calculations. Since spin-orbit-related properties are
influenced by geometry we compared the MAE for simulation
cells relaxed within the GGA+U or with the more realistic but
computationally more elaborate HSE functional.

Using the GGA+U approximation the simulation cell
was relaxed until all force components were smaller than
0.001 eV/Å. For the HSE functional the short-range/long-
range splitting parameter was determined to be ω = 0.7 for an
optimal description of the experimental band gap and crystal
parameters. To account for the vastly increased computation
time the k-space integration was performed on a smaller
4 × 4 × 4 � centered k mesh. The simulation cell was relaxed
until all force components were smaller than 0.01 eV/Å (see
the Supplemental Material SM1 [28] for HSE-relaxed cell
structure).

To quantify the AFM superexchange of the systems studied
in this work we introduce the AFM coupling strength as a
main parameter. In pristine GFO the AFM coupling strength
is defined as the energy difference between the AFM ground
state and a hypothetical ferromagnetic (FM) state. Forcing
the system into a FM state breaks the ground-state AFM
couplings. The corresponding energy difference is taken as
a reference to measure the AFM coupling strength of the
respective investigated system. Doping GFO can induce a
ground state with a total magnetic moment unequal to zero.
The AFM coupling strength is then defined by the energy
difference between the actual magnetic ground state of the
doped systems and again a hypothetical ferromagnetic state.

Table I lists the cell parameters, band gaps, and AFM
coupling strengths of ε-GO, GFO, and ε-FO in the GGA+U
and HSE calculation schemes, respectively.

III. MAGNETIC PROPERTIES OF GaFeO3

A. AFM superexchange in GaFeO3

The AFM ground state in GFO originates from the magnetic
superexchange mediated via the Fe-O-Fe bonds. This AFM
superexchange leads to a layerlike magnetic ordering. The
direction of the magnetic moments of the Fe atoms occupying
Fe1 sites are opposite to those located at the Fe2 sites.

If we apply a fully ionic picture Fe is in a 3+ state and is left
with five valence electrons in its 3d shell which would result
in a magnetic moment of 5μB . However, measurements and
calculations show a local magnetic moment of about 4μB .

The calculated total density of states (DOS) in Fig. 2(a)
(black line) shows the maximum of the O p states (blue

TABLE I. Experimental and calculated cell parameters of GaFeO3 (GFO), ε-Fe2O3 (ε-FO), and ε-Ga2O3 (ε-GO) in the AFM ground state.
The magnetic stabilization energy �E is given per 40-atom simulation cell.

GFO ε-FO ε-GO

Cell parameter a|b|c (HSE) (Å) 8.77 | 9.44 | 5.09 8.82 | 9.55 | 5.07 8.72 | 9.33 | 5.08
Cell parameter a|b|c (GGA+U) (Å) 8.82 | 9.50 | 5.14 8.85 | 9.56 | 5.12 8.81 | 9.42 | 5.13
Cell parameter a|b|c exp. (Å) 8.74 | 9.38 | 5.08 [11] 8.79 | 9.44 | 5.10 [8] 8.71 | 9.3 | 5.03 [9]
Band gap direct up|down (HSE) (eV) 2.68 2.19 | 2.29 3.11
Band gap direct up|down (GGA+U) (eV) 2.43 1.91 | 2.16 2.05
Band gap exp. up|down (eV) 2.7-3.0 [29,30] — —
�E[AFM − FM] (eV) −1.47 −4.94 —

104408-2



ELECTRONIC AND MAGNETIC PROPERTIES OF GaFeO . . . PHYSICAL REVIEW B 92, 104408 (2015)

FIG. 2. (Color online) Panel (a) shows the total DOS (black), the overall Fe d states (red), and the O p states (blue) of pure GFO. Panel (b)
shows the projected DOS of an Fe1-O-Fe2 complex. Plotted are the corresponding Fe1 (red area) and Fe2 (yellow area) d states and the O p

state (blue area). All DOS are calculated within the HSE approximation.

line) located in the upper part of the valence band near
the Fermi level (all DOS are calculated within the HSE
approximation). The barycenter of the Fe 3d states (red line)
is shifted downwards to lower energies. Both O p and Fe d

states make up the majority of the total DOS near the Fermi
level. Figure 2(b) shows the projected DOS of an Fe1-O-Fe2
complex inside the GFO simulation cell. There is a negative
magnetic moment for iron on the Fe1 (red area) site and a
positive magnetic moment for the iron on the Fe2 (yellow area)
site. The Fe1 and Fe2 atom are antiferromagnetically coupled
via an intermediate O atom (blue). The overlap of the oxygen
and the iron states result in the DOS between −5 eV and the
Fermi energy. The superexchange mechanism takes place in
this particular energy range. Since the superexchange is the
same for Fe1 and Fe2 we now concentrate on the Fe1 states
[Fig. 2(b)]. Integrating the spin-down part of the Fe DOS up
to the Fermi energy (red area) yields five spin-down electrons.
However, the integration over the corresponding spin-up states
gives one electron, bringing the total magnetic moment on Fe
down to the observed 4μB .

The corresponding schematic molecular orbital (MO) dia-
gram shown in Fig. 3 describes the AFM superexchange as it
appears in an electronic band picture and in the corresponding
schematic DOS. Oxygen forms a bond with each Fe atom
mediating the observed AFM superexchange.

We start with an Fe 2+ state with six Fe 3d electrons. The
spin-up electron of Fe1 forms a MO state with an O p electron.
This covalent interaction not only leads to an increase of the
Fe oxidation number towards 3+ but also moves an Fe spin-up
state below the Fermi energy and thus reduces the magnetic
moment to the observed 4μB . The same mechanism occurs on
the Fe2 atom.

This mechanism is named “virtual electron transfer” and
has been formulated in the Goodenough-Kanamori (GK) rules
[31–34] where they state “The net spin of the cation orbital
is not changed by addition of a covalent component but the
covalent component extends the cation wavefunction out over

the anions to give an orbital overlap for the superexchange
electron transfer” [35].

B. Distance and angle dependence of the AFM superexchange

To investigate the angle and distance dependence of the
AFM superexchange a single Fe1-O-Fe2 complex was left
inside the simulation cell (see Fig. 4). Six of the eight
Fe atoms are therefore exchanged by addtional Ga atoms.
Interactions with neighboring Fe-O-Fe complexes can thereby
be neglected, revealing the unaffected angle and distance
dependence of the superexchange.

In a first step the simulation cell in Fig. 4 was relaxed and
allowed to change in shape and volume. The thereby-obtained
structure was used for further calculations. Determining the
distance dependence of the AFM coupling strength, the bond

FIG. 3. (Color online) The upper part shows the MO diagram of
an Fe1-O-Fe2 complex inside GFO. The lower part of the figure
sketches the corresponding DOS. Marked in red and blue are the Fe
d and the O p states, respectively. Pale red denotes the additional Fe
electron which becomes shifted below the Fermi energy by the Fe-O
interaction.
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FIG. 4. (Color online) Unit cell with a single Fe1-O-Fe2
(125.84◦) complex. Bond length and bond angle are varied to consider
the alteration on the AFM superexchange.

length of the Fe1-O-Fe2 complex was altered stepwise and kept
fix during a second relaxation. The respective enclosed angle
was kept constant at its equilibrium value obtained during
the first relaxation. Investigating the angle dependence, the
enclosed angle was varied but kept fixed during a second
relaxation. The corresponding Fe1-O-Fe2 distance was taken
from the first relaxation and kept fixed as well.

These calculations were performed using the GGA+U
functional as described in the previous section.

The equilibirum bond length of the Fe1-O-Fe2 structure is
3.85 Å. The respective Fe1-O (1.94 Å) and Fe2-O (1.91 Å)
distances differ only slightly. The corresponding equilibrium
angle is 125.84◦.

Varying the bond length the Fe1-O and Fe2-O distances
were stretched and compressed stepwise up to 20.0%. This
leads to a maximum and minimum bond length of about
2.3 Å and 1.5 Å for the particular Fe-O bond. The equi-
librium angle and the respective altered Fe1-O-Fe2 distance
were kept fix during a second relaxation of the cell. Fig-
ure 5(a) shows the AFM coupling strength designated as
Ediff[AFM − FM][eV/cell] as a function of the varied Fe1-O
bond. The upper x axis gives the total energy difference
between the equilibrium ground state and the strained state.

According to the calculations performed the AFM coupling
strength increases with decreasing bond length. A decrease
in bond length leads to an enhancement of the Fe1-O-Fe2
orbital overlap and therefore to an augmented exchange

between the atoms resulting in stronger AFM coupling.
Correspondingly, an increase of the Fe-O distance causes the
AFM superexchange to decrease.

The equilibrium bond angle of 125.84◦ for the Fe1-O-Fe2
bond was altered stepwise between 128.11◦ and 122.23◦
corresponding to +1.8% and −2.9%, respectively. To calculate
the energy as a function of the bond angle, the bond angle
was kept fixed during a second relaxation while the other
atoms of the cell and the shape and the volume of the
simulation cell were allowed to relax. Figure 5(b) shows that
with increasing angle the AFM coupling strength increases.
Structural alterations bigger than the presented ones caused by
angle and distance changes are not meaningful in terms of the
phase stability.

However, Figs. 5(a) and 5(b) show that altering the enclosed
angle does not affect the AFM coupling strength as much as
changing the Fe1-O-Fe2 bond length. Changing the enclosed
angle causes a larger distortion of the oxygen octahedra
than just varying the bond length. Increasing the bond angle
rather than reducing it much earlier drives the system into a
phase instability again because a larger bond angle leads to
comparably higher distortions of the oxygen octahedra.

The obtained results are in good agreement with the
GK rules which would predict that the AFM superexchange
reduces with increasing bond length and decreasing angle due
to a decrease of the orbital overlap between the interacting
atoms.

C. AFM superexchange in GFO: An additive quantity

The total AFM coupling strength of pure GFO turns out to
be closely equal to the sum of the AFM coupling strengths of
the individual Fe1-O-Fe2 complexes inside the simulation cell.
These complexes differ in enclosed angle and bond length. A
representative example is given in Fig. 6.

Table II shows the corresponding AFM coupling strengths
according to the respective angles shown in Fig. 6. The AFM
coupling is the strongest for the (a) and (b) cases and almost
by one half smaller for the (c) and (d) configurations. Even
though we found out that increasing the enclosed angle and
reducing the Fe1-O-Fe2 bond length increases in the AFM
coupling strength the (c) and (d) complexes show a reduced
AFM superexchange.

FIG. 5. (Color online) Plots (a) and (b) show the distance and the angle dependency of the AFM coupling strength, respectively. Increasing
the distance and decreasing the angle leads to a decrease in AFM coupling strength. All energies are given per 40-atom simulation cell.
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FIG. 6. (Color online) [(a)–(d)] Simulation cells with different single Fe1-O-Fe2 complexes. These complexes differ in their enclosed angle
and bond length. The respective enclosed Fe1-O-Fe2 angles are 122.17◦ for (a) and (b) and 125.84◦ for (c) and (d). Case (e) is a modification
which contains all complexes (a)–(d) in a single simulation cell. The total AFM coupling strength for configuration (e) turns out to the be close
to the sum of the individual coupling strengths.

Given the small differences both in angle and bond length,
this feature cannot be entirely related to the dependencies
discussed in Fig. 6. The Fe atoms are surrounded by distorted
oxygen octahedra that are tilted, stretched, and compressed in
different directions. This of course effects the Fe-O-Fe orbital
overlap and leads to the calculated behavior. In the (c) and (d)
complexes the orbital overlap is reduced as compared to the
(a) and (b) configurations where the coupling is stronger.

Case (e) includes all Fe1-O-Fe2 complexes shown in
(a)–(d). Their AFM coupling strength is almost the sum of the
single configurations, indicating that the AFM superexchange
appears to be an additive quantity.

GFO in total has four Fe1-O-Fe2 complexes that differ in
angle and distance and contribute to the AFM superexchange.
The two Fe1-O-Fe2 complexes with the two strongest AFM
coupling strengths are given in Table II. In addition, there is
an Fe1-O-Fe2 complex with an enclosed angle of 166.16◦ and
a bond length of 4.68 Å having an AFM coupling strength of
−0.035 eV and a fourth weakly coupled complex with an angle
of 102.52◦, a bond length of 4.19 Å, and an AFM coupling
strength of only −0.008 eV. Both contributions to the AFM
superexchange are small and almost negligible.

D. The instrinsic AFM chain in GFO

Concluding the obtained results so far there are two
Fe1-O-Fe2 complexes dominating the AFM superexchange
inside GFO. These are the Fe1-O-Fe2 complexes with enclosed
angles of 122.17◦ and 125.84◦ (see Table II). Geometrically,
these two complexes are connected to each other forming
an Fe-O-Fe twisted chain as shown in Fig. 7. Stoichiometric
GFO contains two of these Fe-O-Fe chains as can be seen in
Fig. 1 formed by the upper-left and lower-right Fe structures.
The connection between these chains is mediated by the
above-mentioned very weak Fe1-O-Fe2 complexes. Figure 7
shows a particular Fe-O-Fe chain as it meanders through the
crystal.

E. Magnetization density in GFO

Figure 8(a) shows the magnetization density (spin up minus
spin down) of an Fe1-O-Fe2 complex with the highest AFM
coupling strength and an enclosed angle of 122.17◦. Red tones
represent positive and blue ones indicate negative vaules of
the magnetization. Accordingly, Fig. 8(a) shows a negative
magnetization density around Fe1 and a positive density

TABLE II. AFM coupling strengths of the Fe1-O-Fe2 complexes drawn in Fig. 6. Interestingly, (e) equals the sum of the values in (a) to
(d). The respective geometries are GGA+U relaxed.

Enclosed angle (◦) Bond length (Å) Ediff [AFM − FM](eV)

Fe1-O-Fe2 (a) 122.17 3.86 −0.210
Fe1-O-Fe2 (b) 122.17 3.86 −0.210
Fe1-O-Fe2 (c) 125.84 3.85 −0.113
Fe1-O-Fe2 (d) 125.84 3.85 −0.113
Fe1-O-Fe2 (e) (a)–(d) (a)–(d) −0.648
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FIG. 7. (Color online) Dominant Fe1-O-Fe2 chain along the c

axis in GFO.

around the Fe2 atom. The O atom in between has a spin
polarized p orbital that is characterized by its dumbbell shape.

This dumbbell shape is induced by the covalent bond
between the O atom and its two neighboring Fe atoms. The
negative magnetization density between the Fe2 atom and the
positive polarized O p orbital corresponds to the additional
Fe d electron that is shifted below the fermi energy by the
superexchange interaction. This particular Fe d electron is
shown in Fig. 3 highlighted in pale red. It forms a molecular
orbital with an O p electron. This p electron shows reversed
spin according to Hund’s rules and is represented by the
positive magnetization density (red) next to it. The AFM
superexchange is mediated by this molecular orbital. Due to
the spin compensation between the Fe electron and the O
electron the spin density is rather small; however, an analysis of
the energy-dependent electron density shows that this feature
represents the Fe-O states between −5eV and the Fermi energy
(see Fig. 2). The same is true for the positive magnetization
density left-hand side of the Fe1 atom. It belongs to the
additional Fe d electron that reduces the initial magnetic
moment of −5μB to about −4μB per Fe atom. The negative
magnetization density next to it again belongs to the O p

electron with which the molecular orbital is formed with
[Fig. 8(a)].

The plotted magnetization density in Fig. 8(b) shows two
O p orbitals which differ in shape. The left-hand side O is part
of the Fe1-O-Fe2 (122.17◦) complex with the strongest AFM
superexchange and the right-hand side O is part of the weakest
Fe1-O-Fe2 configuration with an enclosed angle of 102.52◦.
Since the O atoms mediate the superexchange, the shape of the
O p orbitals immediately indicates the strength of the AFM
coupling. The shape of the left-hand side O p orbital forms a

FIG. 8. (Color online) Panel (a) shows the magnetization density
(spin up minus spin down) of an Fe1-O-Fe2 couple inside the GFO
simulation cell. Denoted in red and blue tones are the positive and
negative magnetization values, respectively. Panel (b) shows the
magnetization density of an Fe2 atom being part of two Fe1-O-Fe2
complexes. The left O atom is part of a strong AFM coupling
strength Fe1-O-Fe2 (122.17◦) complex and the right O atom of a
weak Fe1-O-Fe2 (102.52◦) configuration.

straight σ bond between its neighboring Fe1 and Fe2 atom. The
shape of the right-hand side O p orbital mediating almost no
AFM coupling resembles a 90◦ bonding. According to the GK
rules a bond along a 90◦ angle should couple ferromagnetically.
Since in GFO we observe superexchange along an Fe1-O-Fe2
chain the AFM order is retained; however, the AFM coupling
strength along the 102.52◦ angle becomes only reduced.

F. Magnetocrystalline anisotropy energy in GFO

MAE is another interesting property of GFO. According
to experiment the c axis of pure GFO is the easy axis and
corresponds to the ground state direction of the magnetic
moments while the hard axis is in b direction [1,14]. F.
Ibrahim and M. Alounani [15] already discussed the impact of
excess Fe and the effect of varying U values in the GGA+U
approximation on the calculated MAE. Independent of the U
value the MAE decreases with increasing amount of excess Fe
atoms. We focus on the partly predicted and experimentally
measured [6,14] but, to the best of our knowledge, not yet
theoretically studied sublattice-dependent MAE.

Calculating the MAE of the a, b, and c axes in pure GFO the
simulation cells were both relaxed using the HSE functional
and the GGA+U approximation. Hence, we could investigate
the effect of the used exchange and correlation functional on
the resulting crystal structure and the MAE.

The first entry in Table III shows the energy difference of
the [001] and [100] configurations. In the [001] configuration
the magnetic moments of both the Fe1 and the Fe2 sublattices
are oriented along the ground-state c direction. This energy
is then subtracted from the energy of the [100] configuration
where the magnetic moments of both sublattices are rotated
in the a direction. The second row in Table III gives the
energy difference of the [001] and [010] configurations. Here
the magnetic moments are rotated first in the c direction and
then in the b direction. The calculated MAE of pure GFO is
in good agreement with experiment and previous calculations
[14,15]. Both the HSE and GGA+U relaxed crystal structures
define the c axis as the easy axis and the b axis as the
hard axis. The HSE-relaxed geometry shows a larger MAE
for the b axis, making it less favorable. In the “Ga2-Fe1”
simulation cell a Ga2 atoms exchanges its site with an Fe1
atom. The corresponding simulation cell has a net magnetic
moment unequal zero, leading to a ferrimagnetic ground state
of 5μB per simulation cell. A more detailed discussion of
the different inner cationic site disorder configurations and
their respective energies are given in Sec. IV. Interestingly
this configuration leads to a change of the easy axis of the
system, which is now the a axis. This is true for both the HSE
and the GGA+U relaxed geometries, while HSE again yields
larger anisotropies. Focusing on a further clarification of a
sublattice-dependent anisotropy, the magnetic moments of the
Fe1 and Fe2 sublattice atoms were rotated against each other
and the respective configuration energy was calculated. First,
a calculation was performed where the magnetic moments of
the Fe1 sublattice atoms are rotated in the a direction while
the moments of the Fe2 atoms are fixed in the c direction,
followed by another calculation where the magnetic moments
of the Fe2 sublattice atoms are rotated in the a direction and the
magnetic moments of the Fe1 atoms are held in the c direction.
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TABLE III. MAE of pristine and inner cationic site-disorder-affected GFO.

MAE (meV) GFO (HSE) GFO (GGA+U) Ga2-Fe1 (HSE) Ga2-Fe1 (GGA+U)

[001]-[100] − 0.230 − 0.182 − 0.434 − 0.423
[001]-[010] − 0.291 − 0.212 − 0.357 − 0.309
Fe1[100]Fe2[001] − Fe1[001]Fe2[100] − 0.153 − 0.163 − 1.765 − 1.655
Fe1[010]Fe2[001] − Fe1[001]Fe2[010] − 0.012 − 0.028 − 1.668 − 1.522
Fe1[100]Fe2[001] − Fe1[010]Fe2[001] − 0.088 − 0.060 − 0.046 − 0.044
Fe1[001]Fe2[100] − Fe1[001]Fe2[010] 0.053 0.076 0.051 0.090

Computing the energy difference of these two configurations
makes it possible to determine a potential sublattice-dependent
magnetic anisotropy. The same was done rotating the magnetic
moments of the sublattices vice versa in the b direction,
keeping the respective other one fixed in the ground-state c

direction. In both pure GFO and in the case of inner cationic
site disorder the Fe1 sublattice is less anisotropic than the Fe2
sublattice. This was also predicted in experiment by Reddy
et al. [6]. The anisotropy between the Fe1 and Fe2 sublattices
is more pronounced in the a direction. However, the overall
sublattice-dependent anisotropy is one order of magnitude
smaller in pure GFO. It was also investigated whether the
magnetic moments of the Fe1 and Fe2 sublattices prefer being
rotated in the a direction or in the b direction. Starting with the
Fe1 sublattice the magnetic moments were once turned in the
a direction and then in the b direction, keeping the magnetic
moments of the Fe2 sublattice fixed in the ground-state c

direction. It shows that the Fe1 sublattice moments prefer being
rotated in the a direction over the b direction. The same was
done with the Fe2 sublattice magnetic moments. In that case,
the magnetic moments prefer being rotated in the b direction
rather than in the a direction.

IV. CATION DOPING: RANGING FROM ε-GO
TO GFO AND ε-FO

A. From ε-GO to GFO: 0.0 � x � 1.0

The magnetic properties of Ga2−xFexO3 were investigated
for a doping concentration of 0.0 � x � 2.0 [36].

At a concentration of x = 0.0 GFO turns into nonmagnetic
isomorphic ε-GO. Raising the doping concentration stepwise
up to x = 1.0 by adding Fe atoms to the ε-GO cell gives
stoichiometric GFO. Reaching the value of x = 2.0, where
all Ga atoms are exchanged by Fe atoms, turns the GFO
simulation cell into the AFM isomorphic ε-FO structure
(Fig. 9). The respective calculated lattice parameters and band

FIG. 9. (Color online) Shown are the respective simulation cells
of Ga2−xFexO3 for a doping concentration of x = 0.0, x = 1.0, and
x = 2.0. These are equivalent to the crystal structures of ε-GO, GFO,
and ε-FO.

gaps are given in Table I. In addition, we also studied the effect
of inner cationic site disorder on the magnetic properties and
the phase stability of stoichiometric GFO.

At a cation-doping concentration of x = 0.1 one Fe is added
to the ε-GO simulation cell. There exist four different lattice
sites on which the Fe atom can be placed. To denote the
respective doping site of the introduced Fe atom we use the
Fe1/2 and Ga1/2 site notation of stoichiometric GFO (Fig. 1).
The additional Fe atom prefers an Fe1 site over an Fe2 site by
about 31 meV. Placing the Fe atom on a Ga1 or Ga2 site is by
359 and 112 meV less favorable as compared to the occupation
of an Fe1 site.

Adding a second Fe atom (x = 0.2) to the ε-GO cell
offers a multitude of doping configurations. In addition to
the already-discussed Fe1-O-Fe2 configurations, we investi-
gated the magnetic properties of possible Fe1-O-Fe1, Fe2-
O-Fe2, and Fe-O-Fe(Ga1/2) configurations, where the latter
means that an Fe sits either on a Ga1 or a Ga2 position.
The calculated AFM coupling strengths of the Fe1-O-Fe1
and Fe2-O-Fe2 complexes are very small with 0.062 and
0.004 meV, respectively. Comparing their phase stabilities
to the most stable Fe1-O-Fe2 (122.17◦) configuration (see
Table II) shows that the formation of an Fe1-O-Fe1 complex is
less favorable only by 17 meV. The Fe2-O-Fe2 configuration
has a higher energy difference of about 139 meV. The most
stable Fe-O-Fe(Ga1/2) configurations are the Fe1-O-Fe(Ga2)
and the Fe2-O-Fe(Ga1) configuration, with an enclosed angle
of 163.56◦ and 122.53◦, respectively. The first configuration
is 250 meV more stable than the latter one, whereas the
latter has a 55-meV-larger AFM coupling strength. The most
stable Fe1-O-Fe2 configuration is still more favorable than
the Fe1-O-Fe(Ga2) configuration by 153 meV. Regarding
the calculated phase stabilities of the investigated doping
configurations, two Fe atoms would first form an Fe1-O-Fe2
configuration. This is followed by an Fe1-O-Fe1 configuration,
an Fe2-O-Fe2 configuration and an Fe1-O-Fe(Ga2) config-
uration. Occupying two Ga sites forming a Fe(Ga1/2)-O-
Fe(Ga1/2) complex is at least 250 meV less probable than the
energetically best Fe1-O-Fe2 configuration. No ferromagnetic
ground state can be produced with any doping configurations at
x = 0.2.

At x = 0.4 it is most favorable in energy when two Fe
atoms occupy two adjacent Fe1 sites and the third Fe atom
occupies a next-nearest Fe2 site. The Fe1 atoms have a negative
magnetic moment of about −4μB each and the Fe2 atom a
positive magnetic moment of about +4μB , as expected from
the arrangement of the magnetic moments in stoichiometric
GFO. This leads to a total magnetic moment of −5μB per
simulation cell and a ferrimagnetic ground state. It should
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FIG. 10. (Color online) We show the AFM coupling strength
Ediff (blue) and the corresponding ground state magnetic moment
(red) as a function of the doping concentration x. In the range of
x = 0.0 to x = 0.5 the first Fe1-O-Fe2 chain in formed in GFO
denoted by “ch1” (chain 1). In the “ch2” highlighted area the second
Fe1-O-Fe2 chain is formed, where Ediff for “ch1” and the “ch2”
shows the same behavior. In the area “oct” (octahedral) all Ga2 sites
are substituted by Fe atoms. Here the slope is constant, indicating
the additive character of the AFM coupling strength of the formed
Fe1-O-Fe(Ga2) configurations. In the area “tet” (tetrahedral) all Ga1
sites become stepwise occupied by Fe atoms. As before we find an
almost-linear increase in the coupling strength.

be noted that this total magnetic moment also contains the
contributions from the oxygens.

Four substitutional Fe atoms are added to the ε-GO at a
doping concentration of x = 0.5. In terms of phase stability
they are best arranged in an Fe1 and Fe2 cluster [Fig. 6(e)],
forming the earlier discussed Fe1-O-Fe2 chain (Fig. 7).

Adding stepwise another four Fe atoms to a doping
concentration of x = 1.0, a second Fe1-O-Fe2 chain is formed
following the same mechanism as before.

For a doping concentration of x = 0.0 to x = 1.0 the total
magnetic moment per simulation cell thus turns out to be either
0μB or −5μB (Fig. 10).

B. Inner cationic site disorder in stoichiometric GFO

Experimental studies also report to find a ferrimagnetic
state in GFO beside the expected AFM ground state of
stoichiometric GFO. These findings can be attributed to the
presence of an inner cationic site disorder where Ga and Fe
atoms exchange cell sites. Recently performed calculations
also are reported to be in better agreement with experiment if
they include an inner cationic site disorder in their systems
[7,37,38]. We investigate the possible inner cationic site
disorder configurations in stoichiometric GFO and calculate
their phase stabilities and total magnetic moment.

The energetically most favorable site disorder is the Fe2-
Ga2 exchange where an Fe2 atom exchanges site with a Ga2
atom. Compared to stoichiometric GFO showing no inner
cationic site disorder the loss of phase stability is about
157 meV. The AFM coupling strength reduces from 1.443 to

1.302 eV per simulation cell and has a total magnetic moment
of 0μB . In that particular case no ferrimagnetic ground state
is introduced.

The case of an Fe1-Ga2 exchange leads to a loss in energy
compared to pristine GFO of 183 meV and indeed yields a
ferrimagnetic ground state with 5μB per simulation cell.

Followed by that are the Fe2-Ga1 and Fe1-Ga1 exchange
configurations. Both differ only by 10 meV in phase stability
but are about 400 meV less favorable than pristine GFO.
The increased loss in phase stability is due to the different
O environment of Ga1 since Fe prefers being surrounded by
an O octahedron rather than by an O tetrahedron. However,
the Fe2-Ga1 exchange again leads to a ferrimagnetic ground
state of −5μB per simulation cell.

The magnetic moment of an Fe atom occupying a Ga1 or
Ga2 site equals the one at an Fe1 or Fe2 site, respectively. The
Fe1-Ga2 exchange is the energetically most favorable inner
cationic site disorder configuration, leading to a ferrimagnetic
ground state. This is the reason why its effect on the MAE is
calculated and discussed in Sec. III.

C. From GFO to ε-FO: 1.0 � x � 2.0

As discussed previously, the Fe atoms prefer the occupation
of Ga2 over Ga1 sites. Hence, ranging from a doping
concentration of x = 1.0 to x = 1.5, all Ga2 sites are occupied
first.

Substituting a Ga2 site forms an additional Fe1-O-Fe(Ga2)
bond inside GFO which is about 232 meV energetically more
stable than the formation of an Fe2-O-Fe(Ga1) complex where
a Ga1 site is occupied by an excess Fe atom. However, the latter
is about 57 meV stronger in AFM coupling strength.

Increasing the doping concentration further up to a value
of x = 2.0 all Ga1 are occupied until no Ga atom is left inside
the simulation cell. GFO turns into the ε-FO structure.

Figure 10 shows the AFM coupling strength as a function
of the doping concentration x and the corresponding total
magnetic moment of the respective simulation cell. For each
concentration x (Fig. 10) the values of the lowest energy for
the possible doping configurations are plotted.

The additive character of the AFM coupling strength can
be nicely seen in Fig. 10. Taking a closer look at the slope
for a doping concentration of 0.1 � x � 1.0, we see the same
behavior of the curve in the range of 0.1 � x � 0.5 and 0.6 �
x � 1.0. Here the two Fe1-O-Fe2 chains are formed inside the
simulation cell. The first one in a range of 0.1 � x � 0.5 and
the second one for 0.6 � x � 1.0. The magnetic moment per
simulation cell alternates between 0μB or −5μB .

For a doping concentration of 1.1 � x � 1.5 the Ga2
becomes substituted and additional Fe1-O-Fe(Ga2) configura-
tions are formed. The slope of the curve shows an almost linear
increase of the AFM coupling strength and again indicates the
additive character of this property. The same is true for the
range of 1.6 � x � 2.0 where all Ga1 sites are substituted and
Fe1-O-Fe(Ga1) complexes are formed.

The total magnetic moment is maximal at x = 1.5 and
yields 20μB per simulation cell. At x = 2.0 when transforming
into the ε-FO structure we end up in an AFM ground state.

The defect formation energy provides information on the
phase stability of the doped system. According to the following
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FIG. 11. (Color online) We show the defect formation energy
Eform (blue) as a function of the doping concentration x and the
difference �Eform (red) (see text).

formula [39]:

Eform[x] = Etot[x] − Etot[bulk] + n(μGa − μFe), (1)

where Etot is the total free energy of the cation-doped
simulation cell. x is the doping concentration and Etot[bulk]
stands for the total free energy of the pristine GFO simulation
cell. n indicates the number of Ga atoms that are replaced
by Fe atoms. μGa and μFe are the corresponding chemical
potentials. The reference energies of the chemical potentials
are calculated from the α-Fe and α-Ga phases.

Figure 11 shows the defect formation energy of the cation
doping referenced to the energy of the pristine GFO simulation
cell.

The defect formation energy shows almost linear behavior.
A detailed account of the deviations of the linearity is shown
by the red curve in Fig. 11 (note the much smaller energy
scale). It shows the energy difference of two consecutive con-
figurations which differ by one Fe atom, �Eform = Eform[x +
1] − Eform[x]. The average value for the replacement of one
Fe for one Ga is �Eform = 3.18 eV.

V. THE EFFECT OF STRAIN

Straining the simulation cell induces a distortion of the
ground-state cell geometry. Intrinsic angles and atomic dis-
tances are altered and hence can lead to a change of the
magnetic and optical properties; the latter ones were discussed
by Roy et al. [37]. However, in the present investigation we are
interested in the effect of strain on the AFM coupling strength
in pristine GFO and include inner cationic site disorder and
cation doping concentrations of 0.9 � x � 1.4.

A. Strain on pristine GFO

Starting with pristine GFO, the simulation cell is stretched
and compressed in the a, b, and c directions, respectively. The
volume of the cell is preserved. The simulated strain on the
lattice parameters is in a range of +3.5 to −3.5% with respect
to the calculated ground-state cell parameters. Figure 12

FIG. 12. (Color online) AFM coupling strength Ediff as a func-
tion of the strained lattice constant in the a (red), b (green), and c

(blue) directions.

shows the respective change of the AFM coupling strength.
Further information on the strain-induced geometry changes
and distorted Fe-O-Fe bonds are given in the Supplemental
Material SM2 [40].

Compressing the simulation cell in the a direction or b

direction reduces the AFM coupling strength. Decreasing the
length of the lattice c parameter, on the other hand, increases
the coupling. The reversed increase and decrease of the AFM
coupling strength in the c direction can be explained by the
geometric distortions induced in the simulation cell.

While some of the Fe1-O-Fe2 angles and distances become
smaller or bigger, stretching and compressing the simulation
cell along the a direction or b direction, they oppositely
become bigger or smaller, stretching the system in the c

direction.
Compressing the cell in the a and b directions up to −3.5%

leads to a decrease in the AFM coupling by 31 and 44 meV
per simulation cell, respectively. Stretching the cell up to
+3.5% enhances the coupling by 19 meV for the a direction
and 16 meV for the b direction. The AFM coupling strength
increases compressing the cell in the c direction by 54 meV
and decreases with extension by 45 meV per simulation cell.

Straining the simulation in cell in the c direction leads to
the biggest change in the AFM coupling strength.

The loss in total energy and phase stability of the strained
simulation cell correlates with the absolute change of the
AFM coupling strength. The higher the increase/decrease of
the AFM coupling strength caused by the applied strain the
bigger/smaller becomes the phase stability.

Compressing the cell in the a direction reduces the total
energy per simulation cell by 336 meV compared to the
unstrained configuration. Stretching leads to an energy loss
of 292 meV per simulation cell. In the b direction the total
energy of the strained simulation cell becomes decreased by
351 and 358 meV for compressing and stretching the system,
respectively. The biggest loss in phase stability is caused
by stretching and compressing the cell in the c direction.
Stretching and compressing the cell decreases the cell energy
by 382 and 332 meV per simulation cell, respectively.
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FIG. 13. (Color online) Straining the Ga2−xFexO3 simulation
cell in the c direction for a doping concentration of x = 0.9 to x = 1.4,
including the case of inner cationic site disorder. Plotted is the AFM
coupling strength Ediff as a function of strain.

B. Strain on cation-doped Ga2−xFexO3

The effect of strain in cation-doped Ga2−xFex O3 was
investigated for a doping concentration between x = 0.9
and x = 1.4. This corresponds to the cation doping range
investigated in most experiments. Since strain along the c axis
has the biggest impact on the AFM coupling strength strain was
applied in the c direction in the following calculations. For each
doping concentration the previously determined energetically
most stable doping configuration is used. In addition, we
investigate two cases of inner cationic site disorder. The most
stable ones are the Fe2-Ga2 site exchange leading to a total
magnetic moment of zero and the Fe1-Ga2 site exchange
causing the GFO ground state to become ferrimagnetic with
+5μB per simulation cell.

Figure 13 shows the calculated AFM coupling strength as
a function of the applied strain.

For all investigated configurations the AFM coupling
strength increases upon compressing the corresponding sim-
ulation cell in the c direction. The overall coupling strength
increases with increasing Fe content. This can be seen by the
downward shift to larger coupling strengths of the respective
curves for higher cation doping concentrations x. The plotted
curves have a steeper rise for higher Fe concentrations. The
two investigated cases of inner cationic site disorder are almost
equal in energy.

VI. CONCLUSION

The performed calculations provide a detailed insight
into the origin of the AFM superexchange mechanism in
stoichiometric and cation-doped GFO. The MO diagram given

in Fig. 3 shows that molecular orbitals are formed between the
O and Fe atoms. The Fe-O interaction reduces the formally
5μB for an Fe 3+ state to the observed about 4μB . The AFM
superexchange is mediated by these covalent bonds.

Further, we show that the AFM superexchange follows, in
principle, the GK rules. The AFM exchange enhances with
increasing enclosed angle and decreasing bond length due to
an enhanced orbital overlap.

The magnetization density given in Fig. 8(b) reflects this
behavior. According to the GK rules we find stronger AFM
coupling for bond angles closer to 180◦ and a subsequent
weakening when the bond angle approaches 90◦.

The AFM superexchange throughout the crystal is carried
forward by an Fe1-O-Fe2 chain. This particular chain is built
up by two Fe1-O-Fe2 complexes which differ in their enclosed
angle and bond length (Fig. 7).

MAE is another interesting property of GFO. The calculated
MAE and the obtained magnetic easy and hard axis are in
agreement with experiment. The magnetic easy and hard axis
are found to be along the c and b directions, respectively. Re-
laxing the GFO simulation cell within the HSE approximation
yields larger anisotropies. The presence of an inner cationic
site disorder can lead to a ferrimagnetic ground state. In that
case the magnetic hard axis changes to the a direction.

Cation doping increases the AFM coupling strength. The
magnetic moment per simulation cell is a maximum for a
doping concentration of x = 1.5. In this configuration all
Ga2 sites are occupied by four excess Fe atoms leading to
a magnetic moment of 20μB per simulation cell.

Figure 10 shows the additive character of the AFM
coupling. Starting with the ε-GO structure the two Fe1-O-
Fe2 chains are formed first. Increasing the cation doping
concentration the Ga2 sites are occupied followed by the Ga1
sites until the ε-FO phase is formed.

Strain distorts the cell geometry and alters the intrinsic
bond lengths and angles which can affect the AFM coupling
strength. The biggest effect on the AFM coupling strength
is obtained by stretching and compressing the pristine GFO
simulation cell in the c direction. Figure 13 shows the effect of
cation doping on the strained simulation cell. The slopes of the
curves are shifted to higher coupling strengths with increasing
doping concentration x. The respective defect formation
energy is almost constant with a mean value of 3.18 eV.
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[22] P. E. Blöchl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[23] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys,
and A. P. Sutton, Electron-energy-loss spectra and the structural
stability of nickel oxide: An LSDA+U study, Phys. Rev. B 57,
1505 (1998).

[24] Jochen Heyd, Gustavo E. Scuseria, and Matthias Ernzerhof,
Hybrid functionals based on a screened Coulomb potential,
J. Chem. Phys. 118, 8207 (2003).

[25] Jochen Heyd and Gustavo E. Scuseria, Efficient hybrid den-
sity functional calculations in solids: Assessment of the
Heyd–Scuseria–Ernzerhof screened Coulomb hybrid functional,
J. Chem. Phys. 121, 1187 (2004).

[26] Jochen Heyd, Gustavo E. Scuseria, and Matthias Ernzerhof,
Hybrid functionals based on a screened Coulomb potential,
J. Chem. Phys. 124, 219906 (2006).

[27] Aliaksandr V. Krukau, Oleg A. Vydrov, Artur F. Izmaylov,
and Gustavo E. Scuseria, Influence of the exchange screening
parameter on the performance of screened hybrid functionals,
J. Chem. Phys. 125, 224106 (2006).

[28] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.92.104408 for the within the HSE approxi-
mation relaxed GFO crystal structure (SM1).

[29] Z. H. Sun, S. Dai, Y. L. Zhou, L. Z. Cao, and Z. H. Chen,
Elaboration and optical properties of GaFeO3 thin films, Thin
Solid Films 516, 7433 (2008).

[30] R. V. Pisarev, The optical absorption spectrum is presented in
Pb(Fe0.5Nb0.5)O3 and GaFeO3, Sov. Phys. Solid State 7, 158
(1965).

[31] P. W. Anderson, Antiferromagnetism: Theory of superexchange
interaction, Phys. Rev. 79, 350 (1950).

[32] John B. Goodenough, Theory of the role of covalence in the
perovskite-type manganites [La,M(ii)]MnO3, Phys. Rev. 100,
564 (1955).

[33] John B. Goodenough, An interpretation of the magnetic
properties of the perovskite-type mixed crystals
La1−xSrxCoO3−λ, J. Phys. Chem. Solids 6, 287 (1958).

[34] Junjiro Kanamori, Superexchange interaction and symmetry
properties of electron orbitals, J. Phys. Chem. Solids 10, 87
(1959).

[35] J. B. Goodenough, Goodenough-Kanamori rule, Scholarpedia
3, 7382 (2008).

[36] In contrast to experimental values with an average doping
concentration over the whole sample our substitutions are not
strictly random but show long range order due to the periodicity
of the super cell.

[37] Amritendu Roy, Somdutta Mukherjee, Surajit Sarkar, Sushil
Auluck, Rajendra Prasad, Rajeev Gupta, and Ashish Garg,
Effects of site disorder, off-stoichiometry and epitaxial strain
on the optical properties of magnetoelectric gallium ferrite,
J. Phys.: Condens. Matter 24, 435501 (2012).

[38] Amritendu Roy, Ashish Garg, Rajendra Prasad, and Sushil
Auluck, A First-Principles study of structure-property corre-
lation and the origin of ferrimagnetism in gallium ferrite, Adv.
Mater. Phys. Chem. 02, 1 (2012).

[39] Chris G. Van de Walle and Jörg Neugebauer, First-principles
calculations for defects and impurities: Applications to III-
nitrides, J. Appl. Phys. 95, 3851 (2004).

[40] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.92.104408 for further information on the
strain induced geometry changes in stoichiometric GFO (SM2).

104408-11

http://dx.doi.org/10.1021/jp403733b
http://dx.doi.org/10.1021/jp403733b
http://dx.doi.org/10.1021/jp403733b
http://dx.doi.org/10.1021/jp403733b
http://dx.doi.org/10.1016/j.jmmm.2014.03.008
http://dx.doi.org/10.1016/j.jmmm.2014.03.008
http://dx.doi.org/10.1016/j.jmmm.2014.03.008
http://dx.doi.org/10.1016/j.jmmm.2014.03.008
http://dx.doi.org/10.1039/c2ra22681b
http://dx.doi.org/10.1039/c2ra22681b
http://dx.doi.org/10.1039/c2ra22681b
http://dx.doi.org/10.1039/c2ra22681b
http://dx.doi.org/10.1006/jssc.1998.7817
http://dx.doi.org/10.1006/jssc.1998.7817
http://dx.doi.org/10.1006/jssc.1998.7817
http://dx.doi.org/10.1006/jssc.1998.7817
http://dx.doi.org/10.1021/ja01123a039
http://dx.doi.org/10.1021/ja01123a039
http://dx.doi.org/10.1021/ja01123a039
http://dx.doi.org/10.1021/ja01123a039
http://dx.doi.org/10.1016/j.jmmm.2010.07.018
http://dx.doi.org/10.1016/j.jmmm.2010.07.018
http://dx.doi.org/10.1016/j.jmmm.2010.07.018
http://dx.doi.org/10.1016/j.jmmm.2010.07.018
http://dx.doi.org/10.1140/epjst/e2012-01664-5
http://dx.doi.org/10.1140/epjst/e2012-01664-5
http://dx.doi.org/10.1140/epjst/e2012-01664-5
http://dx.doi.org/10.1140/epjst/e2012-01664-5
http://dx.doi.org/10.1088/0953-8984/24/18/185502
http://dx.doi.org/10.1088/0953-8984/24/18/185502
http://dx.doi.org/10.1088/0953-8984/24/18/185502
http://dx.doi.org/10.1088/0953-8984/24/18/185502
http://dx.doi.org/10.1103/PhysRevLett.96.047205
http://dx.doi.org/10.1103/PhysRevLett.96.047205
http://dx.doi.org/10.1103/PhysRevLett.96.047205
http://dx.doi.org/10.1103/PhysRevLett.96.047205
http://dx.doi.org/10.1103/PhysRevB.85.174411
http://dx.doi.org/10.1103/PhysRevB.85.174411
http://dx.doi.org/10.1103/PhysRevB.85.174411
http://dx.doi.org/10.1103/PhysRevB.85.174411
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.49.14251
http://dx.doi.org/10.1103/PhysRevB.49.14251
http://dx.doi.org/10.1103/PhysRevB.49.14251
http://dx.doi.org/10.1103/PhysRevB.49.14251
http://dx.doi.org/10.1088/0953-8984/6/40/015
http://dx.doi.org/10.1088/0953-8984/6/40/015
http://dx.doi.org/10.1088/0953-8984/6/40/015
http://dx.doi.org/10.1088/0953-8984/6/40/015
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1063/1.1564060
http://dx.doi.org/10.1063/1.1564060
http://dx.doi.org/10.1063/1.1564060
http://dx.doi.org/10.1063/1.1564060
http://dx.doi.org/10.1063/1.1760074
http://dx.doi.org/10.1063/1.1760074
http://dx.doi.org/10.1063/1.1760074
http://dx.doi.org/10.1063/1.1760074
http://dx.doi.org/10.1063/1.2204597
http://dx.doi.org/10.1063/1.2204597
http://dx.doi.org/10.1063/1.2204597
http://dx.doi.org/10.1063/1.2204597
http://dx.doi.org/10.1063/1.2404663
http://dx.doi.org/10.1063/1.2404663
http://dx.doi.org/10.1063/1.2404663
http://dx.doi.org/10.1063/1.2404663
http://link.aps.org/supplemental/10.1103/PhysRevB.92.104408
http://dx.doi.org/10.1016/j.tsf.2008.02.054
http://dx.doi.org/10.1016/j.tsf.2008.02.054
http://dx.doi.org/10.1016/j.tsf.2008.02.054
http://dx.doi.org/10.1016/j.tsf.2008.02.054
http://dx.doi.org/10.1103/PhysRev.79.350
http://dx.doi.org/10.1103/PhysRev.79.350
http://dx.doi.org/10.1103/PhysRev.79.350
http://dx.doi.org/10.1103/PhysRev.79.350
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1016/0022-3697(58)90107-0
http://dx.doi.org/10.1016/0022-3697(58)90107-0
http://dx.doi.org/10.1016/0022-3697(58)90107-0
http://dx.doi.org/10.1016/0022-3697(58)90107-0
http://dx.doi.org/10.1016/0022-3697(59)90061-7
http://dx.doi.org/10.1016/0022-3697(59)90061-7
http://dx.doi.org/10.1016/0022-3697(59)90061-7
http://dx.doi.org/10.1016/0022-3697(59)90061-7
http://dx.doi.org/10.4249/scholarpedia.7382
http://dx.doi.org/10.4249/scholarpedia.7382
http://dx.doi.org/10.4249/scholarpedia.7382
http://dx.doi.org/10.4249/scholarpedia.7382
http://dx.doi.org/10.1088/0953-8984/24/43/435501
http://dx.doi.org/10.1088/0953-8984/24/43/435501
http://dx.doi.org/10.1088/0953-8984/24/43/435501
http://dx.doi.org/10.1088/0953-8984/24/43/435501
http://dx.doi.org/10.4236/ampc.2012.24B001
http://dx.doi.org/10.4236/ampc.2012.24B001
http://dx.doi.org/10.4236/ampc.2012.24B001
http://dx.doi.org/10.4236/ampc.2012.24B001
http://dx.doi.org/10.1063/1.1682673
http://dx.doi.org/10.1063/1.1682673
http://dx.doi.org/10.1063/1.1682673
http://dx.doi.org/10.1063/1.1682673
http://link.aps.org/supplemental/10.1103/PhysRevB.92.104408



