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Charge-ordered spinel AlV2 O4 : High-energy-resolution EELS and computational studies
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The electronic and magnetic structure of the charge-ordered spinel AlV2 O4 is studied using a combination
of high-energy-resolution electron energy-loss spectroscopy and density functional theory. We find that the
vanadium atoms have a fractional valence close to 2.4+ and display a charge and magnetic ordering consistent
with previous reports. The oxygen K edge features a prominent prepeak indicative of a strong hybridization of O
2p and V 3d hole states. Experiments at high temperatures confirm a structural transition to a non-charge-ordered
state, although no effects of this are observed in the spectra.
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II. EXPERIMENTAL AND THEORETICAL TECHNIQUES

I. INTRODUCTION

In transition metal oxides, the electron-electron interaction
may be central to understanding the materials properties. The
strong electron correlation may cause the electrons to be
partially localized, and strong couplings between spin, charge,
and orbital degrees of freedom can give rise to properties such
as high-temperature superconductivity, metal-insulator transitions, and colossal magnetoresistance. In order to tailor these
functional properties, a detailed understanding of their origins
at the atomic scale is needed. To this end, experimental studies
of the electronic structure using photoemission spectroscopy
or electron energy-loss spectroscopy can provide invaluable
contributions,1–3 in particular when combined with electronic
structure calculations from first principles.4,5
At high temperature, AlV2 O4 is a cubic spinel with Al
on the tetrahedral sites and V on the octahedral sites. At
approximately 700 K, there is a structural phase transition to a
lower-symmetry trigonal structure.6 In 2003, Matsuno and coworkers reported that this phase transition was accompanied
by “anomalies” in both resistivity and magnetic susceptibility.7
Taken together with electron diffraction experiments, they
concluded that the compound enters a charge-ordered state,
where vanadium atoms of different valencies occupy distinct
crystallographic sites and are stacked along the cubic [111]
axis. The crystal structure has since been further refined,6 the
effect of doping with Cr has been studied,7,8 and theoretical
studies have been performed.9,10
However, there has to our knowledge been no direct
experimental investigation of the electronic structure and
bonding of this system. Here, we perform electron energy-loss
spectroscopy (EELS) in a transmission electron microscope
(TEM) to study the bonding characteristics of the chargeordered AlV2 O4 . Performing such experiments in a TEM
offers the benefit of obtaining the electronic structure of the
material while simultaneously observing the crystal structure
and chemical composition. These investigations are combined
with calculations of the electronic structure using density
functional theory (DFT) and real-space multiple-scattering
(RSMS) techniques. We experimentally obtain the average
valence of vanadium and show a high degree of agreement
between the experimentally obtained spectra and the theoretically calculated density of states.
1098-0121/2012/85(19)/195112(6)

A. Sample synthesis and specimen preparation

Samples were prepared by reaction of Al, V2 O3 , and V2 O5
powders in a sealed and evacuated silica ampoule at 1100 ◦ C
for 150 h.7 The resulting powder was analyzed by x-ray
diffraction, revealing only small amounts of impurity phases
in addition to the low-temperature AlV2 O4 phase. Samples for
transmission electron microscopy were prepared by crushing
in ethanol and deposited on a carbon film suspended on a
copper grid. The composition and structure of each single
crystal used for the EELS studies were checked by energydispersive x-ray spectroscopy and electron diffraction.
B. Electron energy-loss spectroscopy

The electronic structure and bonding of AlV2 O4 were studied using electron energy-loss spectroscopy in transmission
mode.11,12 Here, the energy lost by an electron transmitted
through the sample is measured. In the single-electron approach, the excitation process can be understood as an electron
in the initial state |i  absorbing energy from the incident
electron, and thereby being excited into an empty state |f 
above the Fermi level. The excitation process therefore probes
the conduction band of the material. The inelastic-scattering
cross section σ at an energy loss E can be described in
the single-electron approximation using the Fermi golden
rule:13,14
4γ 2
d 2 σ (E,q)
= 2 4 ρ(Ei + E)|f |eiq·r |i |2 .
dE dq
a0 q

(1)

Here q is the scattering vector determined by the experimental
setup, r is the position of the scattering event, a0 is the the
Bohr radius, γ is the relativistic correction factor, and Ei is the
energy of the electron in the initial state. The energy E lost by
the incident electron corresponds to the difference in the energy
of the final and initial states Ef − Ei , and ρ(Ei + E) is the
density of empty states [conduction density of states (DOS)].
For small values of q the dipole approximation is valid, in
which case the EELS experiment probes the atom-specific
symmetry-projected DOS above the Fermi level.13
In the present work, we study the vanadium L edges
which are caused by transitions of the type 2p → 3d. These
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transitions therefore probe the density of empty 3d states. The
integrated intensity of the L edges has previously been used to
monitor charge transfer effects,15,16 while the ratio of the L3 to
L2 intensity can furthermore be used to determine the formal
oxidation state of transition metals.12,17–19 We also investigate
the oxygen 1s → 2p transitions (K edge), which probes the
density of empty 2p states. The spectra were obtained from
areas 10–50 nm in diameter, and therefore reflect an average
over many unit cells.
The experiments were performed in a JEOL 2010F microscope fitted with a Gatan imaging filter (GIF200), and
the Zeiss SESAM instrument at the Max Planck Institute
(MPI) in Stuttgart. The SESAM instrument is equipped with
a monochromator of the electrostatic Omega type and an
in-column MANDOLINE energy filter.20 Both instruments
were operated at 200 kV, and the energy resolution was
approximately 1.2 eV on the 2010F and 0.3 eV on the SESAM.
Experiments were performed on both the low-temperature
trigonal phase and the high-temperature cubic phase. Only
small differences were observed across the phase transition,
and unless otherwise stated the data presented here were
obtained from the trigonal phase.
C. Real-space multiple-scattering calculations

Electron energy-loss spectra were calculated using the
real-space multiple-scattering code FEFF8.21 Self-consistent
muffin-tin potentials were obtained for spherical clusters of
99 atoms using Hedin-Lundqvist (local density approximation) self-energies.22 For the full multiple-scattering (FMS)
calculations, we tested clusters containing up to 700 atoms.
However, it was found that the calculations converged for
clusters as small as 300 atoms. The spectra and density-ofstate calculations presented here were all modeled for 357
atoms in the FMS cluster. Simulations of the oxygen K
edge were performed both with and without a core hole
in the 1s orbital. The calculations performed using a core
hole were more successful in reproducing the initial shape
of the spectra, and these calculations are used throughout
the paper. Although the Fermi-level and final-state energies
are found in the self-consistent-field calculations, FEFF8 has no
means of determining the initial-state binding energies, apart
from assuming that they are equal to the free-atom values.
Therefore, the calculated spectra were aligned in energy to the
experimental spectra.

Qualitative analyses of the charge transfer and bonding
were performed using the electron density difference (EDD)
between the unbonded procrystal, and the electron density
calculated from DFT.26 The resulting electron density then
gives the redistribution caused by the interatomic bonding in
the material. A quantitative measure of the charge redistribution was generated using Bader analyses,27 which associate
electron density with atoms by means of a zero-flux surface.
III. RESULTS AND DISCUSSION

At high temperatures (>700 K), AlV2 O4 is a cubic spinel
with the Al atoms tetrahedrally coordinated by oxygen at
the A sites, while V occupies the octahedral B sites.28 In a
simple ionic picture, Al is trivalent, Al3+ , while vanadium
has a fractional valence, V2.5+ . At lower temperatures, small
distortions give a trigonal structure where the vanadium atoms
are divided between three crystallographically inequivalent
sites.6 This gives a charge-ordered state, where vanadium
atoms at the three sites (V1 , V2 , and V3 ) have slightly different
valency. These are stacked along the [111] direction of the
cubic cell ([001] of the hexagonal axes). See Fig. 1 for an
illustration of the structure and the stacking of the different
vanadium ions.
Figure 2 shows the vanadium L and oxygen K edges
for the trigonal AlV2 O4 . The compound displays sharp “white
lines” of high intensity, as expected for low-Z transition metals
(TMs). The oxygen K edge, however, displays a characteristic
three-peaked shape with an intense prepeak with onset at
535 eV, and two main peaks at about 540 and 545 eV. The
inset of Fig. 2 shows a comparison of the L2 and L3 edges of
AlV2 O4 with those of V2 O3 . When normalized to the L3 peak
intensity, we clearly see that the L3 :L2 ratio for AlV2 O4 is
higher than that of V2 O3 . This indicates that the valence state
(a)
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V1
V3
V2
V3
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D. Density functional theory

Density functional theory calculations of the electronic
structure were performed in VASP,23,24 with the PerdewBurke-Ernzerhof25 exchange-correlation functionals in the
generalized gradient approximation. An energy cutoff of
650 eV and a -centered k-point sampling of 8 × 8 × 8
(cubic) and 8 × 8 × 1 (trigonal) were sufficient to converge
the total energies within a few meV. The experimental lattice
parameters were used throughout this study. The total energy
of the trigonal phase was calculated to be −8.309 eV/atom
for the trigonal and −8.234 eV/atom for the cubic phase. This
confirms the fact that the trigonal phase is the more stable at
lower temperatures.

V2
[111]

V3

[001]

FIG. 1. (Color online) The crystal structures of the (a) cubic and
(b) trigonal phases of AlV2 O4 . The unit cell is outlined for both
structures. The cubic structure is seen in the 01̄1 projection with
[111] as the upward vector, while the trigonal structure is seen in the
01̄0 projection with [001] as the upward vector. The Al ions are gray
and the oxygen ions blue. In the cubic phase, all vanadium atoms
occupy equivalent crystallographic sites and are colored green, while
in the trigonal phase vanadium occupies the three inequivalent sites
V3 (green), V2 (orange), and V1 (black).
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FIG. 2. The vanadium L and oxygen K edges of AlV2 O4 . The
inset is a comparison of the L3 :L2 ratio of AlV2 O4 and V2 O3 . The
comparison clearly shows a higher ratio for the AlV2 O4 compound.

of vanadium in AlV2 O4 is lower than in V2 O3 (V3+ ).18 We
estimate that the increase in ratio is 6.5%, which corresponds
to a change in valence from 3+ to 2.4+.29 Although this
deviation from the nominal valence of 2.5+ may be a real
feature of the sample due to, e.g., oxygen nonstoichiometry, we
estimate a total experimental uncertainty of ±0.3. We therefore
consider the observations to be in general agreement with
the simple ionic model for AlV2 O4 with a vanadium valence
of 2.5+. Experiments were performed at both high (600 ◦ C)
and low (25 ◦ C) temperatures, and the structural transition
was confirmed by observing the disappearance of the lowtemperature superstructure reflections in electron diffraction.
However, no significant effect of the charge ordering was
observed in the spectra.
In Table I we show the DFT-calculated net charge on each
ion for the low-temperature trigonal and high-temperature
cubic phases of AlV2 O4 , together with VO and V2 O3 .

FIG. 3. (Color online) Electron density difference maps of the (a)
cubic and (b) trigonal structures. The sequence of vanadium atoms
is V2 -V3 -V1 -V3 from left to right. In this plane, the vanadium atoms
are surrounded by O3 and O4 atoms as indicated by the indices in
the figure. The plotted densities are from +0.02a0−3 to −0.02a0−3 in
steps of 0.002a0−3 , with red indicating electron depletion and black
indicating accumulation.

The net charge is here defined as the nominal number of
valence electrons (Al:V:O = 3:5:6) minus the Bader effective
charge.27 The net charge is then a substitute for the formal
valence. Although we do not expect this calculated net charge
to be directly comparable to that of the simple ionic model,
trends and variations should be similar. For the trigonal phase,
the net charge on the three vanadium sites varies, confirming
the charge-ordering effect reported previously. The (weighted)
average net charge on vanadium in the trigonal phase (+1.47)
is very close to that of the cubic phase (+1.55). It is therefore
not surprising that no change in valence state was observed
in the experiments. However, the net charge of vanadium in
AlV2 O4 is between those of VO (+1.31) and V2 O3 (+1.66),
consistent with the experimentally observed valence state.
In Fig. 3 we give the calculated electron density difference
of both the cubic and trigonal structures. Projections are

TABLE I. The net charges and magnetic moments for the low-temperature trigonal phase and high-temperature cubic phase of AlV2 O4 .
For comparison, the net charges for VO and V2 O3 are also given.
Trigonal
Al1
Al2
V1
V2
V3
O

Charge
2.44
2.44
1.57
1.49
1.45
−1.32 to −1.36

Cubic
Magnetic moment
0
0
2.10
1.11
0.30 to 0.39
0

VO

V2 O3

Charge
2.41

Magnetic moment
0

1.55

1.65 to 1.71

1.31

1.66

−1.38

0

−1.31

−1.10
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similar to the ones used in Fig. 1, but a smaller area is used
for readability and only the plane containing oxygen and
vanadium is shown. From this figure, we obtain qualitative
information about the electron redistribution due to the setup of
bonds. In the cubic case, the V-O bond length is approximately
2.04 Å. For V1 and V2 this remains virtually unchanged during
the phase transformation. However, in the trigonal case the V3
to O1 and O4 bond lengths are significantly increased to 2.10 Å,
while the V3 to O2 and O3 bond lengths remain close to the
cubic value. A significant change in the EDD plots is therefore
observed on the V3 sites, where a clear asymmetry appears in
the trigonal case due to reduced V3 -O1 /O4 interaction.
Close inspections of the isosurfaces reveal that the accumulation volume around oxygen extends more toward aluminum
(not shown) than toward vanadium. It is therefore reasonable to
assume that aluminum transfers more electrons than vanadium
(i.e., the integral of this volume). Furthermore, due to the
redistribution of orbitals and transfer of electrons to the oxygen
ion, aluminum and vanadium are depleted (see Fig. 1) in
close proximity to their centers and/or not toward the oxygen.
Different behavior of aluminum and vanadium is expected
due to the additional geometric freedom of the d states in
vanadium. Orbital rearrangement is also seen on the vanadium
site (i.e., accumulation close to its center). However, oxygen
is clearly the only electron acceptor and there is no clear
covalency in this structure, and it is therefore reasonable to
accept all elements as contributors to the ionic bonds.
The oxygen K edge has an onset at about 535 eV, and
displays a characteristic three-peaked edge shape within 15 eV
of the onset. These features are unique in that none of
the binary vanadium oxides display similar features, despite
similar structural properties (octahedral coordination of V).
However, a similar sharp intense initial peak was observed in
the charge- and orbital-ordered compound Pr0.5 Car0.5 MnO3 .30
The oxygen K edge is caused by transitions of the type O
1s→ 2p and therefore reflects the density of 2p states above
the Fermi level. In Fig. 4 we show a closeup of the observed O
K edge together with a simulated spectrum and the 2p DOS
calculated using the RSMS method as implemented in FEFF8.5
for both the cubic and trigonal structures. We note that the
simulated FEFF spectrum fails to reproduce the observed peaks
because of an inaccurate representation of the density of states.
Peak B is not sufficiently split from A, while peak C is about
2 eV lower in energy than the experimental value.
There are several possible explanations for these discrepancies. For compounds with strong directional bonds,
the spherically symmetric muffin-tin potentials may not be
appropriate. Furthermore, the calculations are reliant on using
a real-space cluster of sufficient size, both for the multiplescattering calculations and for the self-consistent-field calculations. Although the spectra presented here were well converged
with regard to the cluster size, newer implementations of the
RSMS approach in the FEFF9 code that allow calculations with
periodic boundary conditions may improve this further.31
The RSMS calculations are performed in the local density
approximation, and also do not account for spin polarization.
Although the oxygen K edge reflects the O 2p DOS, spin and
magnetic interactions between the 3d states of vanadium may
play a role in determining the shape of the edge. In general,
the O 2p states of the transition metal oxides are strongly
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FIG. 4. Experimental O K edge (top) with four peaks designated
A, B, C, and D. Calculated O K edge (second set from top) and O p
state DOS (third set from top) from FEFF. Spin-polarized (fourth set
from top) and spin-restricted (fifth set from top) density functional
calculations of the O p states in the conduction band for both the
cubic (fully drawn line) and the trigonal (dashed) structures.

hybridized with the TM 3d states, and in effect the energy-loss
process can be described as an O 1s electron being excited
into hybridized 2p-3d states.32 The O K edge may therefore
be sensitive to the TM 3d states, and correct handling of
any magnetic interactions may become particularly important.
For example, Eustace and co-workers4 found that a correct
description of magnetic interactions was essential to model
the O K edges of a series of chromite spinels. We should
therefore investigate whether these interactions are of similar
importance in the case of AlV2 O4 .
Figure 4 shows the DFT-calculated oxygen 2p states,
both with and without spin polarization for the cubic and
trigonal structures. The three peaks in the 2p density of
states are fully separated in all cases, giving good agreement
with the experiments. Only small differences are observed
for the different structures and for the calculations with and
without spin interactions. It is therefore not likely that the
magnetic interactions play a significant role in determining
the electronic structure of this compound. The failure of the
RSMS calculations is more likely caused by the inability
to correctly describe the strong directional bonding of the
compound.
Figure 5 shows the DOS for the oxygen 2p and vanadium
3d states from the calculations that include spin polarization
for both structures. For all the peaks in the O 2p states there
is significant contribution from the vanadium 3d states. In
particular, the first peak in the EELS spectrum (A) is caused
by the transition into a stongly hybridized 2p-3d state. We
also note the presence of a large peak in the 3d DOS (marked
A*) at slightly lower energy which only weakly interacts with
the oxygen 2p states. Projection of the 3d states onto the
hydrogenic orbitals (inset in Fig. 5) reveals that the d yz and
d xz orbitals contribute mostly to the peak A, while the d z2
orbitals almost exclusively contribute to the peak A*. This fits
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FIG. 6. (Color online) The density of spin-up minus spin-down
electrons. This is analogous to the magnetization. The isosurface is set
at 0.017 μB /Å3 . Blue is positive. The negative values are significantly
smaller and thus not visible at this cutoff. There is a clear difference
between the cubic (a) and trigonal (b) structures.
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(a)Trigonal

symmetry. In the trigonal structure, however, the vanadium
atoms are split between three symmetry-inequivalent sites,
and the calculated magnetic moments are different. The V1
and V2 atoms carry rather large magnetic moments of 2.1 μB
and 1.1 μB , respectively, while for V3 the magnetic moment
is closer to zero. This is in agreement with the recent DFT
study by Cai and co-workers,10 but contradicts the work by
Yaresko et al. that found strong antiferromagnetic coupling
between the vanadium sites in a study using the local spin
density approximation +U .9
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IV. CONCLUSIONS

2

25

(b)Cubic

FIG. 5. (Color online) Calculated (DFT) vanadium d states and
oxygen p tates (multiplied by 5) with a Gaussian smearing of 0.2 eV.
For the trigonal structure, there is strong hybridization between the
second vanadium peak and the oxygen p states for the hexagonal
structure. The inset show the decomposed d orbitals of the vanadium
d states.

well with the geometry and direction of the vanadium-oxygen
bonds in the trigonal structure and the fact that the orbitals that
are exclusively hybridized with A should be most sensitive
to the vanadium-oxygen bonds. For the cubic structure, the
vanadium 3d peak is further separated into three peaks.
A qualitative view of the magnetization of both structures is
given in Fig. 6, where the density for spin-up minus spin-down
electrons is plotted. Here, the difference between the two
structures is substantial, and the change of magnetization
between the vanadium sites is clearly visible. The magnetization of both structures was also calculated and is listed in
Table I. In the cubic structure, the magnetic moments of the
vanadium atoms are similar, as expected from the lattice site

In this work we combined experimental EELS measurements, real-space multiple-scattering calculations, and density
functional theory to investigate the charge-ordered spinel
AlV2 O4 . The agreement between the experimental EELS
spectra and the DFT-calculated O p states was surprisingly
good, given the complexity of these compounds and sensitivity
to the electron localization. Unfortunately, this was not the case
for the real-space multiple-scattering calculations performed
using FEFF8. Even though the RSMS approach has previously
been useful in interpreting experimental results,33,34 we believe
that the lack of proper description of the nonspherical
contribution to the orbitals gives it limited applicability for
complex oxides.
Furthermore, through the combination of DFT calculations
and EELS experiments we confirmed the different charge
and magnetic ordering on the vanadium and oxygen sites
previously reported in the literature6 and also showed that
the average vanadium oxidation state is approximately 2.4+.
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