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Geometric considerations of the monoclinic - rutile structural 
transition in VO2 

Shian Guan, Aline Rougier, Matthew R. Suchomel, Nicolas Penin, Kadiali Bodiang and Manuel 
Gaudon

The mechanism of the displacive phase transition in VO2 near the transition temperature is discussed in terms of a 

geometrical approach, combining simple calculations based on the Brown�s band valence model and in situ X-ray 

diffraction experimental results. Considering that the structural origin is well linked to the electrostatic potential 

optimization as in a Peierls model, our geometrical calculations and experimental studies are in agreement and suggest 

that VO2 phase transition is the consequence of very short atomic shifts mainly associated to a decrease of the 2nd sphere 

coulombic interactions. Hence, at a given temperature, the allotropic form (monoclinic versus rutile form) offering the 

largest unit-cell volume is stabilized over the lower unit-cell volume allotropic, while the transition occurs at the intercept 

of the unit cell variation versus temperature of the two forms, which exhibit significantly different thermal expansion 

coefficients. 

Introduction

The origin of the driving force(s) behind the metal-insulator 

transition (MIT) of VO2 has been the subject of controversy for 

decades. Structurally, the MIT transition at approximately 70 

°C is accompanied by a change from a high-temperature 

tetragonal rutile structure (S.G. P42/mnm) to a low-

temperature monoclinic (M) form (S.G. P21/c) characterized 

by a structural twist and V4+ cations shift along the rutile c axis 

to form V-V pairs (homopolar bonds) [1]. From a simplistic 

point of view considering the orthonormal referential 

constituted by the octahedral cage edges, the key aspect of 

the transition is an off-centring of vanadium ions along (111), 

with an antiferroelastic correlation. A crystal description of the 

transition was first reported by Goodenough et al. [2], 

associating the lattice distortion (pairing and tilting) in the VO2 

(M) phase with an increase of the antibonding 3d band above 

the Fermi level. Herein lies the controversial point; whether 

the phase transition originates from the crystal distortion and 

unit-cell doubling (Peierls mechanism), or from the opening of 

a correlation gap due to the presence of electron-electron 

correlations (Mott mechanism) [3].

Recent structural calculations (Peierls approach) based on 

density functional theory within the local density 

approximation tends to predict the monoclinic phase as the 

most stable [4-9]. In a complex structural approach, i.e. using 

the Buckingham potential to describe the short-range 

interaction (V-O and O-O bonds), a Morse potential for V-V 

interaction (at the origin of the octahedral chain distortion) 

and additional optimization techniques, Woodley [10] 

concludes that monoclinic and rutile free energies cross at 

nearly 300K, in favour of a Peierls transition.  Cavalleri et al. 

[11] showed evidence of a structurally driven transition with 

the use of ultrafast pump-probe spectroscopy. Conversely, 

several authors argue for a Mott-driven transition [12-14] 

based on experimental parameters such as switching time 

using femto-laser sources [12,13] or by measuring the 

electromagnetic response of a VO2 thin film by scattering 

scanning near-field infrared microscopy. [14] Current 

interpretations seem to propose a combination of both 

mechanisms simultaneously; meanwhile the appearance of 

new phases during the structural phase transition (well 

supported by nanoscale imaging techniques and/or 

optical/electronic spectroscopy) makes it increasingly critical 

to understand the true nature of this transition [15-19]. 

Despite the complex nature of previously reported theoretical 

structure calculations, a basic interpretation of the transition 

in terms of fundamental geometrical factors such as unit-cell 

volume and bond distances is often neglected in these studies.  

However, these parameters are linked to the thermal 

expansion and coulombic interactions of both VO2 allotropic 

forms and are thus potential significant driving forces to 

consider near the boundary of the structural transition.

Within the limit of a simple geometrical approach, we 

describe here a new approach for evaluating the main driving 

forces involved in the MIT transition of VO2.  This approach 

compares measured unit-cell parameters to basic calculations 

for the cell volume and electrostatic potential of the 1st and 2nd 

sphere anion/cation pairs in monoclinic and rutile structure 

types near the phase transition. Calculations are based on the 

well-established bond valence model, [20] and can be rapidly 

performed with a standard spreadsheet software package. The 

experimental temperature dependence of monoclinic and 

rutile phase unit-cell parameters near the transition 

temperature for this study were obtained from in-situ 

synchrotron powder diffraction measurements of VO2 

samples, the synthesis of which was previously reported. [21]
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As shown in Fig. 2a, the decrease of E(1stsphere) with ) 

shows that our ionic approach fails to explain the rutile to 

monoclinic phase transformation.  With a higher absolute 

energy, the tetragonal environment appears most stable in 

these geometrical calculations, with any monoclinic-type 

decentring ()) appears to reduce the overall energy.  However, 

based on the same calculations, it is noted that the unit-cell 

volume is predicted to slightly increase with vanadium cation 

decentring (Fig. 2b), suggesting that the transition may be 

eased by an expansion of the cell volume. This later result is 

somewhat unexpected, as crystal energies are normally to 

increase (stability increase) with crystal density (i.e. with 

shortening bond lengths). 

In a second step, the origin of the tetragonal distortion is 

evaluated, i.e. the E(1st sphere) and unit-cell volume of 

tetragonal phase are calculated versus the c/a ratio. The goal 

of this analysis is to probe why the VO2 rutile phase does not 

exhibit cubic symmetry; a discussion that could in principle be 

extended to all rutile compounds typically exhibiting a 

tetragonal distortion. The isotropic point, defined by a c/a 

ratio equal to 0.586 (i.e.  �2.(�2-1) ), corresponds to a �cubic-

rutile form�. For the calculation, the c/a value is fixed while a 

and x are variables adjusted in order to minimize the E(1st 

sphere). Regardless of the tetragonal distortion a stable 

minimum for the E(1st sphere) can be determined (Fig. 3a). 

Despite the tetragonal distortion of the unit-cell and 

consequently of the octahedral cages also, the six V-O bond 

lengths remain constant. Indeed, the distortion of the 

equatorial plane of the octahedral site can be followed via the 

evolution of the l� and l�� parameters (Fig. 3c), but this 

distortion occurs such as the r bond lengths remain equal to 

the h length, whatever the c/a ratio (fixed refined values for r 

= h = 1.930 Å). Thus, the tetragonal distortion from the cubic 

form of the rutile structure is apparently not due to a 

minimization of the E(1st  sphere). In addition, it is noted that 

the plot of unit-cell volume versus c/a adopts a bell-shape 

curve with a maximum at approximately c/a , 0.626 (Fig. 3b), 

in good agreement with experimental measured values for the 

rutile form of VO2. Moreover, by fixing ab initio the value of h 

to 1.930 Å, since no deviation of this parameter was found 

with varying c/a ratio, it is possible to treat all a, c (and so c/a) 

and x parameters as variables, and to perform a calculation in 

order to maximize the unit-cell volume. This optimization leads 

to a crystal defined by a c/a ratio of 0.626, with a = 5.754 Å, c = 

2.870 Å, with characteristic octahedral lengths of l� = 2.87 Å, l�� 

= 2.57 Å and r = h = 1.93 Å.  Interestingly, these calculated 

lengths are very similar to the experimental parameters given 

in the literature for VO2 (R) phase [24-27]. The stability of the 

rutile form is therefore strongly linked to a maximization of the 

cell volume while simultaneously maintaining the E(1st sphere). 

Indeed, the cell volume maximization is directly correlated to 

the minimization of the E(2nd sphere), i.e. the decrease of the 

anion-anion or cation-cation coulombic repulsions. Moreover, 

these conclusions are supported by an additional calculation 

performed to minimize the E(2nd sphere) using the set of 

shortest V-V and O-O bond lengths. In a manner analogous to

Figure 3: Effect of the c/a tetragonal distortion on the electrostatic potential (1st sphere 

energy) (a); the unit-cell volume (b) and the l� and l�� octahedral edges lengths (c).

that detailed above, the bond distances can be described as 

follows: 2 V-V bonds and the 2 O-O bonds = 2.l�, the 8 V-V 

bonds = [(h + ½.l��)2 + (½.l�)2]1/2, the 8 O-O bonds = (h2 + r2)1/2 + 

2.l�, the 2 last O-O bonds = [(2.x.a)2 + (a - 2.x.a)2]1/2. Then the 

E(2nd sphere) minimization calculations are performed with a, 

c and x as variables, and h fixed to 1.93 Å (as above), the 

overall crystal parameters results are nearly identical to that 

found with the described cell volume maximization 

calculations.

Hence our basic geometric calculation clearly shows that 

by considering only a Peierls origin for the VO2 phase 

transition, with a pure ionic bond approach, the tetragonal 

distortion of the rutile phase is well explained by an energy 

minimization. The tetragonal distortion allows the decrease of 

the crystal energy which can be approximated as E(crystal) = 

E(1st sphere) - E(2nd sphere). The originality of the system is 

that the tetragonal distortion does not impact of E(1st sphere); 

thus, the optimization of the electrostatic potential is 

governed by E(2nd sphere) associated with cell volume 

maximization. This result on the driving forces of the 

tetragonal distortion origin has to be correlated to our first 

calculation showing that the monoclinic to rutile phase 

transition is not associated with an increase of the cation-

anion interaction potential (1st sphere maximization) but may 
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phases is similar, i.e. the intersection point of the unit-cell 

evolution is located at the transition temperature. 

Consequently, due to the hysteresis phenomenon linked to the 

1st order character of the phase transition, and due to the 

mismatch between the monoclinic thermal expansion 

coefficient (TEC) and the rutile TEC, both in cooling and 

heating modes, the transition is associated with a slight 

volume expansion. The volume expansion is experimentally 

with an amplitude of about 0.01 Å3 in cooling mode: measured 

between the monoclinic (blue triangle) and rutile phase (blue 

square) at 45°C, and about 0.02 Å3 in the heating mode: 

measured between the monoclinic (blue triangle) and rutile 

phase (blue square) at 45°C. Thus, the volume expansion in 

both heating and cooling mode produced by the phase 

transition is roughly 0.025% volume (or 0.3% of bond length 

variation). It is apparently a minor change, but it well governs 

the phase transition. The stable form is the one with the 

highest unit-cell volume (per formula unit Z). Such a transition 

scheme is very different to most other 1st order transitions in 

crystalline solids for which the volume difference between the 

two crystalline forms around the transition is the main aspect 

(as in the textbook austenite-martensitic example [29-30] or 

for the AMO4 phase transitions [31-33]). From these 

experiments, it appears that the driving force of the transition 

comes from this volume difference: a greater unit-cell volume 

leads to higher crystal structure stability. 

Conclusion

This work considers the advantage of simplistic geometric 

examination of the much studied VO2 transition, in a marked 

contrast to the very complex literature debates on competing 

Peierls and Mott-type origins. From a solid-state chemistry 

point of view, there is often considerable benefit to interpret 

such transitions in terms of a structural origin and an 

optimization of electrostatic potentials. Through the positively 

correlated calculations and experimental data examined in this 

work, it is shown that the VO2 rutile to monoclinic phase 

transition is likely the consequence of very short atomic shifts, 

leading to non-significant (at least non-dominant) changes on 

the charge interactions of the cations and anions in first 

neighbouring, however allowing a decrease of the 2nd sphere 

coulombic interactions.
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