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The charge disproportionation of V ions in the low-temperature rhombohedral phase of AlV,04 has been
studied by first-principles density functional theory (DFT) computations. The calculation results show
that there exists an alone V ion (V1) and a “heptamer” constructed by two types of V ions (one V2 and
six V3) in the rhombohedral AIV,04. The theoretical results are consistent with previous experimental
reports (Horibe et al., Phys. Rev. Lett. 96 (2006) 086406; Phys. Rev. Lett. 96 (2006) 169901). The valence
states of the three types of Vions are found tobe +(2.5 — §1),+(2.5 +§2) and +(2.5 + (61 — §2)/6) (61 > §2 > 0),
respectively. The three types of V ions with different charges arrange periodically layer by layer along
the c-axis direction with a sequence as V1-V3-V2-V3-V1.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal compounds display abundant peculiar physi-
cal properties which have been confusing people a long time, such
as the charge disproportionation or charge order of the transition
metal [1-4], the colossal magnetoresistance [5-7], unconventional
superconductivity [8], etc. The charge, spin, and orbital degrees of
freedom of electron in transition metal compound are often strong
coupled [9], which make the problem much complicated. Recently,
AlV;04, a new typical mixed valence compound, has attracted a
lot of interest [10-16]. Previous experimental measurements show
that AlV,04 transforms from a high-temperature cubic phase to a
low-temperature rhombohedral phase at 700K [10,11]. Matsuno
et al. proposed a three-one type charge ordering model: the V2°*
jons are separated into three V(25-%)* jons on the kagome lattices
and one V(25*39)* jon on the triangular lattices [10]. But this model
cannot explain the presence of the superlattice structure revealed
by both X-ray powder diffraction and electron diffraction. Horibe
et al. examined the charge-ordered state in AlV,04 carefully with
electron diffraction and synchrotron X-ray diffraction [11]. They
reported that in the low-temperature rhombohedral phase, there
are three inequivalent V sites denoted as V1, V2 and V3 with their
valence states being assumed to be +3 (d2), +2 (d3), and +2.5 (d2-),
respectively, and a “heptamer” (i.e. a V cluster is composed of
six V3 ions and one V2 ion) and an alone V1 ion order periodi-
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cally. They explained the valence of “left-alone” V1 ion as trivalent,
based on the V1-0 bond length (2.044 A) being close to the nor-
mal V3*-02- bond length [11]. However, the V2-0 bond length
(2.024A) is shorter than the V1-0 bond length. According to the
bond valence method, those with lower valence are longer in the
bond length and those with higher valence are shorter [17]. V2
should have a higher valence than V1, which is opposite to the
assumption mentioned above. Therefore, the electronic structure
of AlV,0y4, especially the charge disproportionation of the V ions
in the rhombohedral AIV,0;, is still ambiguous. In this letter, we
study the charge disproportionation of V ions in the rhombohedral
AlV,04 by first-principles calculations, a method which has been
proven to be very valid for charge ordering or charge dispropor-
tionation in transition metal oxides, such as Fe304 [18,19], YNiO3
[20], etc.

2. Computational method

All first-principles calculations are performed with the CASTEP code [21] by
using plane-wave basis sets and Vanderbilt ultrasoft pseudopotentials [22]. The
number of plane waves in the basis is determined by a cut-off energy of 500 eV. The
valence electrons considered in this study are Al (3s23p'), V (3s23p®3d34s2) and O
(2s?2p*). The GGA with more accurate Wu-Cohen (WC) exchange functional [23] are
used to describe the exchange and correlation potentials. The Wu-Cohen exchange
functional is better at prediction of lattice parameter, crystal structures and metal
surface energies than the most popular PBE-GGA [23]. The special k-points sam-
pling integration over the Brillouin zone is employed by using the Monkhorst-Pack
method [24] with a k-point separation of 0.04 A-! and 5 x 5 x 5 k-mesh.

The crystal structure of rhombohedral AlV,0;4 is shown in Fig. 1 and the space
group is R-3m. The lattice parameters of the primitive cell are a=b=c=10.175A,
based on the rhombohedral notation. The detailed fractional coordinates can be
found elsewhere [11]. The calculated model structure consists of four AIV,04 chem-
ical formulas. To test the validity of calculations, we first optimize the geometry
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Fig. 1. (a) Crystal structure of low-temperature rhombohedral phase of AlV,04. V1,
V2 and V3 denote the three inequivalent V sites. (b) The corresponding Brillouin
zone as well as its highly symmetrical special k points.

of AlV,04 using the GGA method. Then the electronic structures of rhombohedral
AlV;04 are calculated based on the optimized structure. When calculating electronic
structure, we have set up both non-magnetic and magnetic structures. In the mag-
netic states calculations, we suppose that each V ion has two d electrons. The initial
magnetic moments of (V1, V2, V3) are set artificially as (-2, -2, 2), (2, -2, 2), (2,
2, 2), and (-2, 2, 2)pp, which are denoted as M1, M2, M3 and M4, respectively.
Then the magnetic moments of V ions in the rhombohedral AlV,0,4 are optimized
by self-consistent calculations,

3. Results and discussion

The calculated structural parameters together with experimen-
tal parameters are shown in Table 1. The theoretically calculated
lattice parameters fit well with the experimental value. The calcu-
lated characteristics of the structural distortion are shown in Fig. 2.

Table 1

Calculated and experimental lattice parameters, V-V bond lengths, average V-O
bond lengths in the [VOg] octahedra. V3-V3(l) and V3-V3(s) represent long and
short V3-V3 bond length in the V3 layer, respectively.

Cal. Exp. [11]
a(=b=c) (A) 10.008 10.175
Alpha 33.18 32.83
V (A3) 275.534 267.151
V1-V3 3.021 3.039
Bond lengths (A) V2-V3 2.751 2.809
V3-V3(l) 3.225 3.141
V3-V3(s) 2.489 2.610
V1-0 2.047 2.044
V2-0 2.009 2.024
V3-0 2.043 2.064

Fig. 2. Calculated V skeleton in rhombohedral AlV,04. A “heptamer” constructed
by one V2 and six V3 can be seen clearly.

Clearly, there are two kinds of V ions (V1, V2) on the triangular lat-
tice, and one kind of Vion (V3) on the kagome lattice with two kinds
of V3-V3 bonds in the V3 layer (the long V3-V3 bond and short
V3-V3bond denoted as V3-V3(l)and V3-V3(s)). Three V3 ions form
the V3-trimers with short V3-V3(s) bond length (2.489 A), which is
much shorter than the long V3-V3(l) bond length (3.225 A). Addi-
tionally, V2-V3 bond length (2.751 A) is also much shorter than the
V1-V3 bond length (3.021A) and all the V2 ions are sandwiched
by two V3-trimers. Therefore, based on the V-V bond lengths, a V
“heptamer” constructed by one V2 and six V3 can be found (see
Fig. 2) in the rhombohedral AlV,04, consistent well with previous
experimental report [11].

The V magnetic moments and total energies of the four mag-
netic structures, together with energy of non-magnetic structure
calculated by GGA are shown in Table 2. From Table 2, we can
clearly see that the magnetic moments of V3 ion is very small
(<0.2 ). The four initial magnetic structures are relaxed into
two magnetic structures M1 and M4. The total energy of M4 is
just a little larger than M1 with a difference of 1.307 meV per
formula unit (f.u.), so the magnetic structure M1 is used when cal-
culating the electronic structure of AlV,04. These results indicate
that the V3 ions show paramagnetic behavior and the magnetic
exchange coupling between V1 and V2 is pretty small. The calcu-

Table 2
Magnetic structures of AlV,04 and their total energies per formula unit (energy of
M1 is set to 0 meV) together with that of non-magnetic state.

Magnetic moments of (V1, V2, V3) (ug) Energy (meV/f.u).
Input Output

M1 (=2,-2,2) (—2.48, -1.76, 0.04) 0

M2 (2,-2,2) (2.44, -1.46, -0.16) 1.307

M3 (2,2,2) (2.48,1.76, —0.04) —0.004

M4 (-2,2,2) (—2.44,1.76,0.16) 1.310

NM - - 244.732
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Fig. 3. The spin-polarized band structure of rhombohedral AIV,04. The spin
up/down subbands are plotted with solid/dotted lines.

lated results also indicate the magnetic solution has much lower
energy than non-magnetic one with the total energy difference
with 244.732 meV/f.u.

Revealed by the calculated band structures, the non-magnetic
GGA calculation predicts a metallic character, which does not coin-
cide with the experimental result [10], This result indicates that
the magnetic structure of AlV,04 should be considered adequately.
Then we calculate the electronic structure of AlV,04 with the M1
magnetic structure. A small band gap of 0.2 eV opens up (see Fig. 3),
which agrees well with the experiment results and confirms the
validity of the calculations again. The special k points and the k-path
in the band structure can be seen Fig. 1(b). The bands are quite flat
near the Fermi level (0eV), indicating large density of states near
the Fermi energy and strongly enhanced effective mass of the V-3d
electrons.

In order to understand the detailed electronic structure of the
three types of V ions and explore the charge distribution among
the V ions, we plot the partial density of states (PDOS) around the
Fermi level of V-3d and O-2p states. The PDOS calculations using
CASTEP are based on Mulliken population analysis, which allows
one to calculate the contribution from each energy band to a given
atomic orbital. The distance cut-off for bond population was 3.0 A.
It is widely accepted that the absolute magnitude of the atomic
charges yielded by population analysis have little physical meaning,
for they display a high degree of sensitivity to the used atomic basis
set [25]. However, their relative values can give useful information,
provided that a consistent basis set is used for their calculation [26].
As shown in Fig. 4, the states below Fermi level can be divided into
two parts: PART I from —10 to —4 eV and PART II from —2.5eV to
Fermi level.

According to the crystal field theory, in the octahedral crys-
tal field the d-orbitals split into two sets of three t,; and two eg
orbitals. Combined the band structures shown in Fig. 3, one can
find from Fig. 4 that PART I is composed of 96 bands, where V eg
states and O-2p states form o-type bonds. In a strongly ionic bond
model, the antibonding band mainly consists of the V eg states,
while the bonding counterpart is mainly derived from O-2p states.
This picture suggests that all the spin-polarized O-2p bands of all
the 16 O atoms are occupied and the valence states of O atoms can
be deduced reasonably to be —2. Similarly, PART Il composed of
20 bands is V-3d tyg states with only a few O-2p states. In PART
II, where V-3d tyg states point away from the oxygen, forms a set
of nonbonding t,; bands where the metal-metal interaction plays
important role in its band width. The calculated electronic struc-

Fig. 4. Calculated partial density of states (PDOS). (a) V-3d and O-2p PDOS for all
V and O atoms together with total DOS. (b) Detailed V-3d PDOS for each type of V
atom.

tures of AlV,04 are typical of early transition metal oxides. The
contributions of Al PDOS and V-4s PDOS to both PART I and PART
11 are little, suggesting an ionic behavior of AI** ion and the entire
transfer of the V-4s electrons to the O-2p orbitals. Therefore, the
Al and O ions can be defined to be AI** and 0%-, and the average
valence of V ions is +2.5, which means there are 20 V-3d elec-
trons, consistent well with the 20 spin-polarized bands in PART
IL.

Integration intensities of the three types of V-3d PDOS in both
PART I and PART II are calculated and listed in Table 3. Previous
reports have exposited that higher valence state for an atom
corresponds to higher integration intensities in the PART I, which
is bonding character. In contrast, due to the nonbonding character
of PART II, higher valence state corresponds to lower integration

Table 3
Integration intensities of the three types of V-3d PDOS in rtlombohedral AlV,04,
together with the charge disproportionation of Vions. Where, V is the average value.

Atom PART I PART II Charge disproportionation of
Vions (61>§2>0)

Vi 1.17 2.26 es=t;:

V2 1.30 2.19 V(2:5+82)

V3 1.28 2.19 V(@5+(51-52/6)1+

\Y 1.27 2.20 V25+
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intensities at PART II [20,27]. Therefore, it is natural that the
calculated integration intensities of the 4 types of O-2p PDOS
(not listed here) show little difference in both PART I and PART II,
which indicates little difference in the valence states among the O
ions in AIV,04. From Table 3, compared to the average integration
intensity, V = (V1 + V2 + 6V3)/8 and corresponding to an valence
state of +2.5, the integration intensities of V1 decrease by 0.10 in
PART I and increase by 0.06 in PART II, which reveals the valence
state of V1 ion is below +2.5, and it can be denoted as +(2.5 —41).
For V2 and V3 ions, the changes in the integration intensities
are opposite to V1 ion. For the same analysis, the valence states
of V2 and V3 ions are both above +2.5, and the valence state of
V2 ion is a little higher than that of V3 ion. The valence state
of V2 can be denoted as +(2.5+42), where §1>§2>0 based on
the difference between the integration intensities for V1 and V2
ions. According to the electric neutrality principle, the valence
state of V3 can be assigned to be +(2.5+(§1 —§2)/6). So, among
the three types of V ions, the valence of V1 is the lowest, V2 is
the highest and V3 is the middle. The deviation from the formal
valence is due to the covalency with neighbouring oxygen atoms,
which is common for all transition metal oxides. Because the
V1, V2 and V3 ions forms respective atom plane (as shown in
Fig. 2), these V ions in rhombohedral AlV,0,4 establish a charge
ordering along the c-axis direction layer by layer with a sequence
s V1(25-81)+ _y3(25+(81-62/6)1 _\y9(2.5+462)+ _ \y3(2.5+(81-62/6))1+ _
V1(25-81* The valence states, especially the relative magnitude
for the three types of V ions are different from the results of Horibe
et al. [11], i.e. V1 (V3*), V2 (V2*) and V3 (V23*). Therefore, the
model of the V “heptamer” with 18 electrons proposed by Horibe
et al. [11] should be reconsidered and further experiments such as
high-resolution XPS, resonant X-ray scattering and magnetic mea-
surements are required to clarify the nature of the V “heptamer”
in rhombohedral AlV,04.

4. Conclusions

First-principles studies reveal that rhombohedral AIV,04 has
three types of V ions in the primitive cell: One alone V1, one V2
and six V3 ions, where the V2 and the six V3 ions construct a
“heptamer”. Calculated results indicate that charge disproportion-
ations take place in these V ions with valence states of +(2.5 —§1),
+(2.5+482) and +(2.5+(81-62)/6) (61>62>0), respectively, and
form a charge ordering along the c-axis direction layer by layer
with a sequence as V1-V3-V2-V3-V1.
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