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Computational techniques, based on the minimization of the crystal energy with respect to atomic
coordinates, are shown to predict correctly the complexity of the V,0Os crystal structure. Two main
types of potential are derived, both fitted to the experimentally determined structure. One is based on
integral ionic charges, the other uses partial charges. In all cases the deviations of the observed struc-
tures from the ideal model based on regular VOg4 octahedra is correctly reproduced by the energy-
minimization techniques. We also qualitatively reproduce some of the important macroscogic properties
of this material.

KEY WORDS: Potential model, atomistic simulation, vanadium pentoxide, ionic polarization

INTRODUCTION

Computer simulation techniques have been applied to a wide range of structure
problems in the field of complex and disordered ionic solids [1]. Early applications
to inorganic materials were reported by Slaughter [2] and by Busing [3]. Catlow,
Theobald & Cormack [4] showed that energy-minimization could be used as predic-
tive tools and the methods have subsequently been extensively applied to the model-
ling of complex inorganic crystal structures given knowledge of the relevant
interatomic potentials and general structural informations such as the nature and
the linkage of the coordination polyhedra. A recent review is given in reference [5].

The simulation techniques rest on the Born model of the ionic solid and are based
on energy minimization, either of the coordinates of ions within the unit cell of a
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perfect crystal structure or of ion coordinates around a defect centre. The former
technique will be intensively employed in this work which will be concerned with
the highest vanadium oxide, V,0;,. This oxide is commonly employed in catalytic
processes and is of considerable interest as a cathodic material in ambient tempera-
ture secondary cells [6]. The latter method will be used for studies of alkali metal
insertion into the host structure V,0,;. Numerous ternary compounds (so called
because three species are involved in the final product) of the general form
M,V,0; (M = Li*, Na*, Cu*, K*) have been synthesised. They are more com-
monly known as “bronzes” because of the bronze colour taken by the compound
as the percentage of M increases. Depending on the degree of insertion (x) and the
temperature of synthesis, six distinct crystallographic phases have been exhibited for
the Li, V,0O; system [7,8,9,10, 11]. At ambient temperature there are only two
phases: from x = 0 up to x = 0.8 there is an increase of the gap between the slabs,
corresponding to a 10% increase in the ¢ lattice parameter; while for 0.8 < x < 1.0
the slabs pucker and shift above each other by half an octahedron thus giving the
metastable form Li,;V,0,-8 [12]. A detailed review of these materials synthesised
by both chemical and electrochemical means is available in Intercalation Chemistry
[13]. Full understanding of these systems will require an extensive series of calcula-
tions which will be reported subsequently.

Before these and related systems can be studied it is essential to derive adequate
interatomic potentials. Several computer simulation studies have been performed
on transition-metal oxides and potential models are available for several systems.
However, the only existing potential for vanadium oxides concerns the rutile-
structured VO, [14], which was applied succesfully to the B phase of VO, [15] but
gave poor results once transfered to the V,O; structure. We analyse here the
reasons for this failure and propose a new set of interatomic potentials specifically
well suited to the layered structure of V,0;.

THE STRUCTURE OF V,0;

The first structural investigation of the V,0O, structure was performed by Ketelaar
in 1936 [16]. Later, Bystrom, Wilhelmi & Brotzen [17] proposed the structural
description based on trigonal bipyramids sharing edges and corners, making V,0,
sheets. Enjalbert & Galy [18] reported a detailed structural study of this oxide and
concluded that the oxygen coordination polyhedron around the Vanadium atom
should be described in terms of a square pyramid instead of a trigonal bipyramid.
The base of the pyramid is quasi planar, £ (0, 0;,0,)/(0,0,,0,;') = 1.4°, and
the distances of the four atoms of the base to the average plane are less than
0.014 A . The Vanadium atom is displaced from this plane by 0.47 A, the cause of
which is not yet fully elucidated. It appears that the Vanadium atom can be easily
displaced within its anion polyhedron [19]. This anisotropic behavior leads to three
interesting properties:

(i) The V atom is displaced toward the apex of the square pyramid creating
a strong vanadyl bond V = Oy, of length 1.577 A. The opposite V-0,
bond is then lenghened to 2.791 A.

(ii) The V°*-V** repulsion causes the square VO, pyramids sharing edges to
have opposite orientations [20].
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Figure 1 Definition of the coordinate system and atom labelling.

(iii) the long V ... O,, bond cannot be described as a covalent bond, as the
structure can be easily intercalated by various molecular compounds. The
layers are held together by weak van der Waals forces.

On figure 1 we can see that square pyramids share edges and extend along the
b axis forming a zig-zag ribbon. These ribbons are joined together via the O,,
atom, making V,0Oj; sheets.

The appearance of sheets in V, O is attributable to the anisotropy of the V posi-
tion relative to its oxygen environment. When looking along the c-axis, we can see
an anion/cation sequence as shown in Figure 3a.

It is of interest to compare V,0; with another important layer structured solid
TiS,, in which reversible lithium insertion is also possible and whose structure is
shown in Figure 2. Titanium atoms are held between hexagonally close-packed
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= Li

Figure 2 Schematic structure of TiS, layers.

Figure 3 Sequence of Anion and Cation in layered compounds.

sulphur atoms to form layers which are held together by weak van der Waals forces
[21]; the sequence is shown in Figure 3b.

The TiS, structure corresponds more to a packing of elementary slabs than does
that of V,0;. However, when lithium is inserted it may approach closer to the V
cation in V,0, than the Ti cation in TiS,. Thus the role of the cation in the inter-
calation process seems more important in V,0O; than in TiS,.

A further important feature of the structure concerns the polyhedron linkage
which it is important to understand when we wish to determine the position of the
atoms in the ideal V,O; structure based on regular octahedra. Starting from a
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L=

D elementary unit-cell

[0 oxygen vacancy

Figure 4 The VO; 1o V,0; transition.

hypothetical VO, structure similar to ReO,, where octahedra link up at their cor-
ners to form a three-dimensional framework, we can create an extended defect by
removing a complete line of Oxygen atoms (Figure 4). When removing one such
line out of two, the structure has to rearrange to fill the vacancies. The chains
and can move along a diagonal direction in order to create the edge shared
octahedra; then we reproduce the topology of the V,O; structure. V,0; is now
viewed as a crystallographic shear structure derived from VO;, by the mechanism
first proposed by Wadsley [22, 23], which results in all of the oxygen deficiency
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being concentrated within these crystallographic shear planes. These planes separate
regions of normal rutile structure and can then explain the evolution of oxygen-
defficiency in the homologous series of Magneli phases M, 0,, , (M =Ti, V, Mo
and n = 3, ..., 10) [24].

COMPUTATIONAL METHODS

A preliminary model, based on regular coordination polyhedra is choosen as an
initial structure in our minimization calculations. Starting from this ideal model,
the lattice energy is minimized with respect to the coordinates of all atomic positions
within the unit cell.

The interatomic potential is based on the ionic model. Thus, the lattice energy
is expressed as a sum of pair-wise interactions represented by the function:

Vi(r) = A exp (—r/p;) — C;/rt + #

Here we use a Buckingham potential for the short-range interactions and a
Coulombic term to handle the electrostatic effects. These long-range interactions
are treated using the widely applied Ewald method [25] (a good description of which
is given by Tosi [26]) which takes advantage of the rapid convergence of lattice sums
for a Gaussian charge distribution when these are summed in reciprocal space. In
the present study we have used first a rigid-ion model, i.e. one that excludes any
treatment of ionic polarization from our calculations. This approximation may limit
the accuracy of our results, although we believe, in general, that polarizability has
a relatively minor effect on structural properties. Polarization can be incorporated
into our calculations via the shell model of Dick & Overhauser [27] as has been done
extensively in previous studies. Inclusion of this model, of course, be essential when
a correct description of the dielectric properties is needed as, for example, when
considering charged point defects.

An important feature of our method is that no explicit symmetry relations bet-
ween the various atomic positions are assumed : all the coordinates are treated as
independant variables in the minimization process and their relaxations are deter-
mined solely by the interatomic potentials and the unit-cell parameters. The limita-
tions on the reliability of the technique follow only from those of the interatomic
potentials used in the simulations [28] and from the approximations inherent in the
static lattice method. We note that static dielectric constants have not been used
in the fitting process; nor have the elastic constants, although these provide a
valuable test of potential models, as no experimental values are presently available
[29]. However the complex, low symmetry structure provides a good test of the
quality of our potentials.

Efficient minimization methods are essential if the calculations are to be computa-
tionally viable. The methods employed in the perfect lattice part of the CASCADE
code [30] are based on an adaptation of the Newton-Raphson procedure, with the
update of the Hessian matrix, following the approach of Fletcher & Powell [31].
In the present sudy, cell dimensions were allowed to vary. This constant pressure
minimization procedure places greater demands on the reliability of the interatomic
potentials than a constant volume simulation.
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POTENTIALS PARAMETERS

Three sets of potentials parameters have been derived:

e in set [A], integral ionic charges are used to the cation and the anion;

e in set [B], a more realistic charge distribution is proposed. Partial charges are
placed on the cation and the anion, with the condition that the cell remains
electroneutral;

o the third set [C] has been derived from [A] and integral ionic charges are also
employed; but here the shell model is used to the oxygen ions so as to calculate
the high frequency dielectric constants.

Part of the motivation for the development of the partial charge model is provided
by the recent NMR studies on V,O; [32] where the authors used partial charges [33]
to compute the components of the electrical field gradient at the 'Li nucleus. Integral
charge models do, however, have advantages when considering the reduction of
V,0; which can easily be modelled by a V°* to V** transition; this will be especially
useful in future simulations of e.g. the y-Li, ,V,0O, phase where the location of the
V** and V>* ions is well established [9]. However, it is still possible to undertake
calculations on reduced species with partial charge models. Thus a transition from
+3.56to +2.56 was also proposed by Cocciantelli ez al. [32]. It seems useful therefore
to derive models based on both partial and formal charges.

Parameters for the Vanadium/Oxygen short-range interactions have been fitted
to the structure, while potential for the O-O interaction are taken from the work
of Catlow on UO, [34]. V-V interactions are assumed to be purely coulombic;
since the vanadium cation is smaller than the oxygen ion and the O-O interaction
already very small at equilibrium lattice spacings this assumption seems to be
reasonable. The attractive r~% term is ignored in the V-O interactions; the small
contribution of such terms to the short-range potential at the lattice interatomic
spacings will be incorporated by small modifications of the 4 and p parameters [35].
All potential parameters are reported in Table 1. A major problem arose with the
treatment of the vanadyl bond V = O,, which is 1.577 A long in one direction and
2.791 A in the opposite direction. The ideal way to cope with this situation would
have been to fix a unique set of repulsive parameters for V-O,, and let the repul-
sion V3*-V** generate this anisotropy. However, this did not prove to be trac-
table. So we employed two different functions, one applied to V = O,, and the
other to V ... Oy;. In view of the strength of the largely covalent vanadyl bond
[36] we decided to apply a Morse function between these two species. The analytic
form of the Morse potential is:

V(r) =D,[1 — e~ —]2

(from which D, should be substracted in order to be consistent with the other
potentials which have the energy zero at infinity). The well depth was chosen by
comparison to other strong double bonds [37]. We must note the derived value
of r, which is greater than the expected experimental value of 1.577 A. The effect
is to displace the minimum of the function to the right to compensate for the
Coulombic interaction between the Vanadium and Oxygen. This effective Morse
potential should only deal with neutral species; but considering the importance of
Electrostatic interactions in the cohesion of this layered compound, our calcula-
tion must integrate the Coulombic repulsion between Oxygen/Oxygen and the
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Table 1 Potential parameters for V,0;s.

SET [A] (BI (o}
Charge on Vanadium +5 +3.56 +5 constant/eA A ~? +0.717
Charge on Oxygen -2 —~1.424 core -2.717
shell 54.952
spring
Buckingham Interaction AseV o/ A C/eV A+e range/ A
3000.0 0.36415 0.0 1.99-3.0
V-0, 3374.32 0.32615 0.0 1.99-3.0
2549.73 0.34115 0.0 1.99-3.0
2779.85 0.29185 0.0 0.0-10.0
V-0 2419.85 0.2678 0.0 0.0-10.0
5312.99 0.26797 0.0 0.0-10.0
22764.3 0.1490 23.0 0.0-10.0
0,,-0,,, 0-0, 0-0y, 22764.3 0.1490 23.0 0.0-10.
22764.3 0.1490 23.0 0.0-10.0
Morse Interaction D,/eV MAT! g/ A range/ A
10.0 2.30217 1.774 0.0-1.99
V-0, 10.0 2.30217 1.706 0.0-1.99
10.0 2.30217 1.584 0.0-1.99

Coulombic attraction between the Vanadium and the Oxygen of the upper layer.
This can only be achieved by treating charged species.

These sets of potentials are clearly tailored to the V,O; structure especially to
the unusual structural properties of the Vanadium inside its oxygenated polyhedron
which results in a range of interatomic V-O distances. The transferability to other
vanadium oxides must therefore be questionable.

RESULTS AND DISCUSSION

The coordinates of the equilibrated and observed structures are reported in Table
2. As remarked earlier the minimization was performed at constant pressure which
results in small differences between the calculated and X-ray lattice parameters.
Thus a comparison of calculated and experimental fractionnal atomic coordinates
is not strictly valid. We therefore convert all particle coordinates into Cartesian
space and centre each unit-cell before calculating the differences between simulation
and experience. We also report the discrepancies between lattice parameters of
predicted and ideal structures to underline the magnitude of the distortion. We
reproduce the experimental angle/distance table from Enjalbert [18] and we use the
same presentation for the predicted structure in Table 3. Table 4 summarizes other
calculated properties.

Figure 5 is a view along the b axis of the ideal structure (red facets) and
the predicted one (yellow lines). Figure 6 is a comparison of the experimentally
determined structure (red facets) - displayed with the 90% probability thermal
ellipsoids - and the predicted structure (yellow lines). Figure 7 is the same com-
parison but the superposed structures are viewed along the ¢ direction. The display
has been performed on a raster graphic system [38].
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Table 2 Structural parameters for V,0s.
LATTICE PARAMETERS/A
Idealized structure X-ray Predicted A,/ % A,/ %
structure structure®
a 12.00 11.512145 11.527921 0.137 -3.933
b 4.000 3.563922 3.473661 —2.532 —13.158
c 4.000 4.367690 4.367861 +0.004 +9.196
COORDINATES**
X-ray structure Predicted structure .
x y z X y z 4;/A
\Y —4,5913 —0.8910 1.7108 —4.,5976 —0.8684 1.7110 0.0234
\Y% 4.5913 0.8909 -1.7108 4.6451 0.8684 -1.4059 0.3104
v ~1.1648 —0.8910 1.7108 —1.1189 —0.8684 1.7110 0.0511
\% 1.1648 0.8909 —-1.7108 1.1664 0.8684 ~1.4059 0.3057
0O, —4.5548 —0.8910 0.1344 —4.5655 —0.8684 0.1339 0.0249
0O, 4.5548 0.8909 —0.1344 4.6129 0.8684 0.1712 0.3119
(o2} -1.2012 —0.8910 0.1344 -1.1510 —0.8684 0.1339 0.0550
0, 1.2012 0.8909 —0.1344 1.1985 0.8684 0.1712 0.3064
O, —4.9626 0.8909 2.1727 -5.1471 0.8684 2.1447 0.1879
0, 4.9626 ~0.8910 ~2.1728 5.1946 —0.8684 —1.8395 0.4066
0, -0.7935 0.8909 2.1727 —0.5694 0.8684 2.1447 0.2269
0, 0.7935 —0.8910 -2.1728 0.6168 —0.8684 —1.8396 0.3777
O, —-2.8780 —0.8910 2,.1891 —2.8582 —0.8684 1.9421 0.2488
0, 2.8780 0.8909 2.1785 2.9057 0.8684 2.7312 0.5538
® Structure minimized in force field [B].
** Coordinates in cartesian space after centering about the origin.
4, Difference between the predicted and the X-rays lattice parameters.
4, Difference between the predicted and the idealized lattice parameters.
4y Distance between experimental and predicted position.
Table 3 Selected distances/A and angles/°. Experimental and Predicted®.
|4 Oy O3 033 Oy3 0, Oy
O 1.577 2.652 2.738 2.738 2.868 4.368
1.577 2.486 2,720 2.720 2.976 4.368
[0.00] [—6.24] [-0.67] [-0.67] [+3.77] [0.00]
0Oy, 104.3 1.779 2.742 2.742 3.671 2.857
96.407 1.755 2.880 2.880 3.524 3.077
[-7.57) [-1.37) [+5.05] [+5.05] [—4.00] [+7.70}
Os; 104.5 97.1 1.878 3.564 2.386 2.961
103.744 105.092 1,873 3.474 2.138 2.986
[-0.72) {+8.23] [~0.29] [—2.53) [—10.40] [+0.83]
O, 104.5 97.1 143.2 1.878 2.386 2.961
103.744 105.092 136.091 1.873 2.138 2.986
[—0.72] [+8.23] [—4.96} {—0.29] (—10.40} [0.83)
0, 105.2 150.5 75.5 75.5 2,017 3.050
116.389 147.204 68.642 68.642 1.919 2.650
[+10.64] [—2.19] [—9.08] [—9.08] [—4.88] [-13.12)
Oy 177.9 73.7 75.9 75.9 76.9 2.791
178.172 81.765 76.806 76.806 65.439 2.792
[+0.15] [410.94] [+1.19] [+1.19] [—14.90] [+0.02)

® Structure minimized in force field [B].
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Table 4 Comparison of experimental and calculated crystal data for V,0s.

PROPERTY Calculated Experiment
[A] (B] i«

Lattice Energy/eV —387.2 —208.9 —387.2 [—410.4 ... —395.2]
Static dielectric constants &y, 6.48 6.32 5.46 25.5

b 13.57 34.92 10.05 15.0

£o)c 1.92 1.92 2.14 5.0
High dielectric constants &, 2.10 n}:2.07(0.62)**

€ofb 2.28 ny:2.12(0.61)

e 1.57 n.:1.97(0.71)

® Refractive indices.
** In parenthesis is (n — Vg,)

Figure 5 View along the b axis of the ideal structure (red facets) and the predicted one (yellow lines).
(See Colour Plates)

The structural feature of major concern in the present study is the extent to which
the observed structure differs from the ideal model. That such distortions are con-
siderable is seen on figure 5 by comparing the parallelepiped (green for the ideal,
red for the predicted) representing the orthorhombic unit-cell of the structures. On
examining figure 6 we note that all atoms lie within their thermal ellipsoid.
Secondly, the sheets of the predicted structure iook more puckered than those of
the X-ray structure. This is due to the shortening of the V-Oj;, distance. A single
V — O potential is applied to deal with the four square base oxygens and there is
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Figure 6 Comparison of the experimentally determined structure (red facets) and the predicted structure
(yellow lines). (See Colour Plates)

a wide range of interatomic distances in this region, from 1.779 A to 2.017 A; this
potential tends to gather the predicted distances around a mean value, so the
experimental extrema are not reproduced accurately. Even so, the evolution along the
diagonal of Table 3 (bold vs. italic) is preserved. A possible solution would be to
apply a distinct repulsive form for each oxygen of the square base. This was not
attempted because the increase in the number of parameters made the fitting process
more hazardous. Thirdly, all the predicted Vanadium-Oxygen distances, and
especially V-0, and V-O,, are lower or equal to the observed one; so we might
expect the predicted a lattice parameter to be lower than the observed one. This is,
however, not the case. The only explanation resides in the bond angle distribution.
The agreement between observed and predicted bond angles is far less good than for
bond lengths. The £ 0,,/0, and 2 O,;/0,, angles greatly influence the value of a;
in the predicted structure their sum is greater than in the experimental one. Fourthly,
the major structural difference between the structure predicted in force field [A] and
[B] is the shortening of the O,-O,; bond - the common edge of the linked
square pyramids - which is 2.162 A and 2.138 A respectively; this is related to the
lower electrostatic repulsion between the Oxygen species in [B] than in [A].
Concerning the macroscopic properties, we must distinguish carefully the results
with the potentials. Due to the use of partial charges in set [B], the comparison with
the experimental lattice energy (i.e. Born-Haber. cycle - see Table 5 for values) is
only valid with set [A] and [C]. Notwithstanding the large uncertainty of the second
electron affinity of oxygen [39], the calculated lattice energy is too low. Such poor
agreement signifies that there is a significant degree of covalence in V,0; [40].
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Figure 7 View along ¢ axis of the observed and predicted structures. (See Colour Plates)

Table 5 Values for the experimental Lattice Energy.

Step in Born-Harber Cycle kcal/mole

Heat of formation [45) AH{ —370.60

Sublimation energy of Vanadium [37] L 122.12

Fifth ionization potential of Vanadium [37] Iy 3750.41

Dissociation energy of O, [37] Dy 119.016

Affinity of Oxygen for two electrons [39] Ep 140 — 210

Lattice Energy U= AH[{ —2L —5/2Dy -2 Iy — 5 E,,

—9463.2 < U, < -9113.2

The low frequency dielectric constants calculated with the rigid ion model reflect
the polarization which occurs in the solid when the electric field displaces the
negative and positive ions with respect to one another. This is called ionic polariza-
tion [41]. We are aware of only one published study which properly distinguishes
the permittivity along each axis' of the orthorhombic unit-cell {42]. The authors
argue that there is a substantial contribution to ¢ from ionic polarization because
of the large difference between the squares of the refractive indices and the electric
permittivity along the a and & axis. On comparing the experimental and calculated
values, we found in Table 4 that the low value of the permittivity along the ¢ axis

! We note that there is a frequent inversion of the b and ¢ directions in different studies. We assume
that sheets corresponds to the ab plane.
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Table 6 Relaxation energies.

Structure E,, / eV
per unit per formula per Ti
cell unit orV
VO,(B) 78.49 9.81 9.81
TiO,(B) 76.73 9.59 9.59
Na,Ti; O, 81.44 40.72 13.57
Na,; TigO,3 137.69 68.85 11.47
V,04 [A] 78.22 39.11 19.55
[B} 50.44 25.22 12.61

relative to the values along a and b is fully reproduced; Chernenko & Ivon related
this phenomenon to the layered nature of the sample perpendicular to this direction.
Disagreement is found with the calculated g, which is lower than g, and drastically
smaller than the experimental value. This anisotropic behavior of the tensor is
greater in the results obtained in set [B]. Poor agreement between some calculated
and experimental crystal properties is not surprising because high dielectric con-
stants (>20) are such sensitive functions of any structural parameter [43]; this is
especially true for ferroelectric crystals. We have also included ionic polarization
via the shell model in order to calculate high frequency dielectric constants, .
The parameters of the force field [C] have been used. The calculated values follow
well the evolution of the experimental refractive indices [44] as is clear from Table 4.

CONCLUSION

The agreement between predicted and experimental properties is satisfactory. The
V,0;s structure shows strong deviations from the ideal model based on regular
octahedra. The relaxation energy is considerable and can be compared to other
predictions of the same type [4] as shown in Table 6. Relaxation arises from the
need to adjust bond lengths, notably between those octahedra which share edges.
This major effect is fully reproduced in this calculation.

In view of the remarkable value for the reliability factor (R = 2%) for the refine-
ment of the structure [18], it would be of considerable interest to determine the
elastic constants with the same accuracy and also assess the electrical nature of this
oxide such as the anisotropic conductivity and the ferro or antiferroelectric
character.

Unlike the calculated lattice energy, the structure is very sensitive to the inter-
atomic potentials, particularly the short-range components. We found it necessary
to adjust two different kinds of potential functions in order to reproduce the com-
plex low-symmetry distortions of this highly iono-covalent transition-metal oxide.
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