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Abstract. Vanadium dioxide exhibits a first order metal to insulator transition (MIT) at 340 K (Ty) from
a rutile (R) structure to a monoclinic (M;) structure. The mechanism of this transition interpreted as due
either to a Peierls instability or to a Mott-Hubbard instability is controversial since half a century. However,
in the last twenty years the study of chemical and physical properties of VO, and of its alloys, benefits of
a renewed interest due to possible applications coming from the realization of devices made of thin films.
We describe in this review the structural, electronic and magnetic properties of the different metallic (R)
and insulating (M, T, M) phases of VO3, of its solid solutions and under constraint. We present in a
synthetic manner the various phase diagrams and their symmetry analysis. This work allows us to revisit
older interpretation and to emphasize in particular the combined role of electron-electron interactions in the
various phase of VO, and of structural fluctuations in the MIT mechanism. In this framework we show that
the phase transition is surprisingly announced by anisotropic one-dimensional (1D) structural fluctuations
revealing chain like correlations between the V due to an incipient instability of the rutile structure. This
leads to an unexpected critical dynamics of the order-disorder (or relaxation) type. We describe how the
two-dimensional (2D) coupling between these 1D fluctuations, locally forming uniform V** zig-zag chains
and V-V pairs, stabilizes the M2 and M insulating phases. These phases exhibit a 1D electronic anisotropy
where substantial electron—electron correlations conduct to a spin—charge decoupling. The spin-Peierls
ground state of M is analyzed via a mechanism of dimerization, in the T phase, of the spin 1/2 V4* zig-
zag Heisenberg chains formed in the My phase. This review summarizes in a critical manner the main
results of the large literature on fundamental aspects of the MIT of VO. It is completed by unpublished old
results. Interpretations are also placed in a large conceptual frame which is also relevant to interpret physical
properties of other classes of materials.

Résumé. Le dioxyde de vanadium présente une transition métal-isolant (TMI) du premier ordre a 340 K
(=Tmp) d’une structure rutile (R) a une structure monoclinique (M1). Le mécanisme de cette transition in-
terprétée comme étant due soit a une instabilité de Peierls soit a une instabilité de Mott—-Hubbard reste tres
controversé depuis prés d'un demi-siécle. Cependant depuis une vingtaine d’années 1'étude des propriétés
chimiques et physiques de VO3 et de ses alliages suscite un renouveau d’intérét par la possibilité d’applica-
tions provenant de I'obtention de dispositifs s’appuyant sur la réalisation de films minces. Nous décrivons
dans cette revue les propriétés structurales, électroniques et magnétiques des différentes phases métallique
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(R) et isolantes (M1, T et M) de VO», de ses solutions solides et des modifications sous contrainte. Nous pré-
sentons de fagon synthétique les divers diagrammes de phase et leur analyse par symétrie. Ce travail conduit
arelativiser certaines interprétations du passé et a souligner en particulier le role particulierement important
des interactions électron—électron dans les différentes phases de VO et des fluctuations structurales dans le
mécanisme de la TMI. Dans ce cadre nous montrons que la transition de phase est annoncée de facon sur-
prenante par des corrélations structurales d’anisotropie unidimensionnelle (1D) révélant un ordre local en
chaine du V issu d’'une instabilité sous-jacente de la structure rutile. A celles-ci correspond une dynamique
critique inattendue de type relaxation (ou ordre-désordre). Nous décrivons comment le couplage bidimen-
sionnel (2D) de ces fluctuations 1D forme localement des chaines zig-zag de V4 et des paires V-V, condui-
sant aux phases isolantes My et M. Ces phases présentent une forte anisotropie électronique avec de sub-
stantielles corrélations électron-électron conduisant a un découplage spin-charge. Le fondamental de type
spin-Peierls de la phase M; est analysé a partir d'un mécanisme de dimérisation, en phase T, des chaines
d’Heisenberg de spin 1/2 formées par les zig-zags de V4* dans la phase My. Cette revue résume de fagon cri-
tique les résultats principaux de 'abondante littérature concernant les aspects fondamentaux de la TMI de
VO;. Elle est complétée par d’anciens résultats jamais publiés. Les interprétations proposées se placent dans
un cadre conceptuel relativement large se révélant pertinent pour I'interprétation des propriétés physiques
d’autres classes de matériaux.

Keywords. Vanadium dioxide, Metal-insulator transition, Mott-Hubbard charge localization, Spin-Peierls
and Peierls transitions,Chain-like structural instability, Electron-phonon coupling.

Mots-clés. Dioxyde de vanadium, Transition métal-isolant, Localisation de charge de Mott-Hubbard, Tran-
sitions de Peierls et de spin-Peierls, Instabilités structurales corrélées a une dimension, Couplage électron—

phonon.
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1. Historical introduction

The study of the metal-insulator transition (MIT) has remained one of the most important field
of research in solid state physics for more than half a century. The reason is that MIT raised
unsolved fundamental questions and nowadays has become the subject of important applied
research. Relevant mechanisms of MIT, which were already exposed in the 1970’s, rely either
on a modification of the electronic structure due to crystalline symmetry change, or electron—
electron correlations, anti-ferromagnetism and the Mott transition [1, 2]. The former class of
mechanisms considers non interacting electrons in a lattice submitted to a structural distortion
whose associated electronic potential opens a gap at the Fermi level [3]. These MIT models are
completed by the explicit consideration, in the lattice instability mechanism, of the electron-
phonon coupling [4]. They include Peierls-like or Fermi surface nesting scenarios which are well
documented these days by the study of low dimensional metallic systems [5]. In the latter class,
dominant electron-electron repulsions induce charge localization and, with the opening of a
Mott-Hubbard gap, a spin—charge decoupling accompanied by antiferromagnetic correlations
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between localized spins. Note however that these two kinds of mechanism are not mutually
exclusive, so that both crystal structure and correlation effects should add their contribution in
narrow band materials [6].

These days MIT are observed in a broad range of inorganic and organic materials [7]. Among
them transition metal oxides (TMO) have been widely studied since the 1950’s without, in most
cases, obtaining a real consensus on the mechanism of the MIT. Difficulties of interpretation are
due to the complexity of their electronic structure involving several sets of d orbitals [8]. TMO,
which are narrow band materials and which thus exhibit sizeable electron—-electron correlations,
are also subject to structural instabilities (for examples many oxides are good ferroelectrics). All
the difficulties to differentiate between the relative role of charge, spin and orbital electronic
degrees of freedom and of their interaction with the atomic lattice degrees of freedom, generally
subject to structural instabilities, are cumulated by the MIT of the vanadium dioxide VO,.

For these reasons, special attention has been devoted to VO, for more than 50 years. VO,
exhibits a clear example of a first order MIT at Ty; = 340 Kfrom a d 1 rutile (R) tetragonal metallic
phase to an insulating monoclinic (M;) phase made of well decoupled V-V dimers. Indication of a
phase transition was obtained in the 1930-1950’s by the observation of a magnetic susceptibility
drop [9, 10] together with a thermodynamic anomaly [11] at Ty. The detection of a clear MIT
was proved later by the observation of an abrupt conductivity drop at Ty [12]. Note that the
first report of an anomaly at Ty in the thermal dependence of the conductivity is due to [13].
Soon after, [14] established, by recording the evolution of the diffraction spectrum of VO, through
Twmr, that the MIT corresponds to a change of structure from a R phase towards a low symmetry
monoclinic phase previously described in the literature [15,16]. The structural change, consisting
of a unit cell doubling, was subsequently interpreted [14] as driving a non-magnetic ground
state where d' electrons are paired in V-V spin singlets. However, the establishment by magnetic
measurements of such a non-magnetic ground state in VO, took some time [17], because at that
time an antiferromagnetic ground state was generally found in most of V oxides [18]. Note that
the search for anti-ferromagnetism was the main motivation for the study of VO, in earlier times
[9, 10, 13], and even in the first study of [18] VO is incorrectly reported as an antiferromagnet
below TMI .

Important progress occurred in the 1970s, when taking into account the influence of the M;
distortion on the #,, electronic levels of the R metallic phase, [19] proposed a mechanism for the
MIT of VO,. Basically, this mechanism (more explicitly described in Section 5.1) combines an
inter-band charge transfer process which leads to a half-filled quasi-1D d;,; band, within which
a Peierls instability produces an insulating ground state through a lattice dimerization. In this
mechanism occupied levels in insulating M; are the bonding states of the V-V dimers considered
by [14].

New advances in the experimental study of the MIT of VO, occurred during the 1970’s with the
synthesis of alloys of VO,, and the determination of their phase diagram. These earlier studies
(reviewed by [20, 21]) showed in particular that for substituents such as:

¢ Nb, which reduces the V, the substituted V-V pairs are killed, with the result of destabiliz-
ing the M; phase,

* Cr, which oxidizes the V, a new intermediate insulating M, phase is stabilized between R
and M; in which half of the V sites form zig-zag chains where there is a Mott-Hubbard
localization of d! electrons whose spins 1/2 are coupled antiferromagnetically.

While the former result supports the scenario of energy gain due to formation of well separated
V-V pairs in My, the latter result shows that the electronic state of such pairs should be described
in the Heitler-London limit. In other words, electron-electron correlations play a crucial role
in the physical properties of insulating VO, a feature which is not considered in Goodenough’s
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mechanism of the MIT.

During the same years, a sizeable enhancement of the spin susceptibility [22] and of the
electronic contribution at the heat capacity [23] was measured in metallic VO,. Both features
imply the presence of sizeable electron—electron interactions in the R phase. However, the
mechanism responsible of such an enhancement (spin fluctuations in a strongly correlated gas,
Stoner exchange enhancement or spin polaron effect considered in [20, 23, 24]) was unclear at
that time. The main reason was the lack, in the 1970’s, of ab-initio (for instance Local Density
Approximation (LDA)) calculations of the true electronic structure and of an adequate formalism
(for instance Dynamical Mean Field Theory (DMFT)) allowing, in presence of sizeable electron—
electron repulsions, to consistently obtain the formation of Hubbard bands.

These first investigations raised a controversy between the so-called Peierls and Mott-
Hubbard scenarios for the MIT of VO,, which is not completely closed these days (see for exam-
ple [25,26]). In the 1970s, the controversy concerned also the relative contributions of the struc-
tural distortion and of electron—electron repulsions at the sizeable gap of charge ~0.7 eV open
in the M, phase (i.e., controversy between Peierls gap versus Mott—-Hubbard gap). In addition,
as the MIT is of 1st order, the controversy concerned also the dominant, lattice/phonon versus
electron, contribution at the large entropy gain, of 1.5kg per VO,, which stabilizes the M; ground
state.

In the last 20 years there has been a renewed interest in the study of the MIT of VO,.
This interest was motivated by the development of realistic electronic structure calculations, of
new spectroscopic methods, using in particular synchrotron radiation, of ultrafast experimental
investigation methods of the MIT and of dedicated means for elaboration of nanostructures
such as thin films and nanowires [27, 28]. Also, the large change of conductivity and of dielectric
properties at the MIT of VO,, together with its reversible nature, and the large variation of Ty
under an external stimulus have triggered the development of many kinds of devices with a
large number of potential technological applications. Potential applications of VO,, which are
presently the object of an intense international activity, concern, to name a few, smart windows,
bolometer, actuators, transistor, hydrogen storage, thermochromic, nano-photonics. They are
covered in recent reviews [27-30].

While there is an abundant literature on the electronic properties of VO, the lattice instability
counterpart involved in the MIT is less well documented. In particular the pre-transitional lattice
critical fluctuations observed long time ago in the metallic R phase [31] have not been deeply
analyzed. The information thus deduced is an original contribution (Section 6) to the present
review. In Section 2 we review the various crystal structures of VO, and in Section 3 its different
phase diagrams upon alloying and external constraints. Analysis based on lattice symmetry
considerations will be presented in Section 4. The salient electronic properties of the various
phases of VO, will be commented in Section 5. In this section a complete analysis of the 1D
localized magnetism in the insulating phases will be also presented. Structural fluctuations of the
metallic rutile phase, pre-transitional at the MIT, will be analyzed in Section 6. Then structural
contributions at the metal-insulator transition of VO, will then be discussed in Section 7, and,
finally, some final remarks will be included in Section 8.

2. Crystal structures
These days it has been reported that, in addition to the 4 phases described in this section, VO,
exhibits an important polymorphism. Five new phases of VO, as well as diagrams of phase

transformation between them have been recently reviewed by [28]. Here in this section, we
consider only the R, M;, M, and T phases connected by the MIT of VO,. Note also that poorly

C. R. Physique — 2021, 22,n° 1, 37-87



42 Jean-Paul Pouget

o—9
(@) P4,/mnm (n=0) (b)

Figure 1. (a) Rutile structure of metallic VO, outlining in blue two chains of sharing edge
VOg octahedra, related by 4, screw axis symmetry along cg, of the unit cell. The (x,y, z)
frame which corresponds to the principal directions of the electric field gradient (EFG)
tensor on V site is indicated (Adapted from [33]. Copyright Wiley-VCH GmbH. Reproduced
with permission). (b) Orientation of the rutile structure with respect to the ABAB hexagonal
compact packing of oxygen layers outlined in red. Vanadium (in yellow) occupies one
octahedral site out of two between two successive oxygen hexagonal layers. The [111]g
direction of V displacement involved in the short range pre-transitional fluctuations at the
MIT of VO, is also indicated.

documented additional phases appear for large doping (see Section 3.1) and under pressure (see
Section 3.2.3).

2.1. The rutile structure of metallic VO,

The rutile (P4,/mnm) structure is very frequent among the inorganic compounds (for a recent
review see [32]). This structure, whose prototype is exhibited by the band insulator TiO,, is shown
in Figure 1. It is derived from an ABAB type of compact packing of oxygen hexagonal layers,
as shown in Figure 1b. In rutile structure the V occupy, between successive oxygen layers, one
octahedral site out of two. As a consequence, each V is surrounded by an O octahedron. The V
network forms a body centered tetragonal lattice, of parameters ag and cg, with two octahedra
per unit cell related by 4, screw symmetry (Figure 1a). The V-V distance of 2.85 A along the [001]r
or cg direction, is 20% smaller than the V-V second neighbors distance of 3.53 A in the diagonal
{111}R directions. Octahedra share two covalently O-O bonded edges in cg direction, and two
corner oxygens in {110} directions.

The cr/ag ratio is considered by the literature [32] as an important quantity determining
the general stability of the rutile structure MO,. In metallic VO,, the cg/ag ratio decreases in
temperature, from 0.629 (at 573 K) to 0.626 (at 360 K) [34], reaching nearly the critical parameter
~0.625 below which the rutile structure should be unstable with respect to a low symmetry
(generally monoclinic) distortion in which dimers, favoring direct M-M bonding, are formed [32].
This rule is however not followed for dopant reducing the V (see Section 3.1.1) because whatever
the variation of the cg/ag ratio upon doping the M; phase is destabilized by the breaking of
V-V pairs by the substituent. This is also the case of strained VO, films where the M; phase is
destabilized by a deformation of oxygen octahedron accompanied by a decrease of the cg/agr
ratio under constraint (see Figure 10).

C. R. Physique — 2021, 22, n° 1, 37-87
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d(V —0,) >dV - 0,)

Cm1
P2,/c (m1 = n3)

Figure 2. M; monoclinic structure of insulating VO, showing the two tilted V-V pairs,
related by 2; screw axis symmetry along by, of the unit cell. The off-center V shift delimits
short and long distances with O; and O, of the octahedron respectively. Two VOgz deformed
octahedra surrounding a V-V pair along ay,, and linked successively by short O,—-O, and
long 0;-0; edges are represented in blue. In this structure all the V sites are equivalent.
(Adapted from [33]. Copyright Wiley-VCH GmbH. Reproduced with permission)

2.2. Vdisplacement in the monoclinic M; and M, phases

The 340 K MIT of VO, at ambient pressure stabilizes a V-V paired monoclinic M; phase of P2;/c
symmetry corresponding to the MoO; structure [15, 16]—see Figure 2. The R to M; structural
distortion can be better analyzed using the intermediate monoclinic M, structure [35] stabilized
in stressed VO, and certain alloys (see Section 2.3).

The M, structure (Figure 3) breaks the symmetry relating the two equivalent octahedral V
chain of the rutile structure by stabilizing two different types of V shifts: namely the formation
of zig-zag V> chains running along cr (am,) and of a periodic array of V-V, pairs directed along
cr (am,) (to avoid unnecessary complications we keep below the unit cell rutile notation). To this
structure corresponds one of the two V distortion patterns schematically represented in Figure 4
that we shall name 7n; below. Of course, an equivalent distortion pattern where the two V sites of
the rutile structure are interchanged is energetically equivalent (it is named 713 in Figure 4). While
the Vin the M, (C2/m) structure adopts only one type n; (i = 1 or 3) of distortion pattern, the V
in the M; (P2;/c) structure superimposes the n; and n3 distortion patterns which are equivalent
by symmetry. The M; structure is thus composed of equivalent chains made of paired zig-zag or
tilted V-V pairs. The decomposition of V displacement into these two components plays a crucial
role in the mechanism of the MIT of VO, proposed by [19]. Note that at that time Goodenough
reasoned directly on the M; distortion, because the M, structure was not known.

M; and M structures correspond to a sizeable deformation of the R structure. In M, the V
zig-zag chains have a repeat distance of 2.93 A and the V-V pairs, 2.54 A long, are separated by

C. R. Physique — 2021, 22, n° 1, 37-87
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@ 0,
V-Vpair
Vzig-zag

C2/m(nq,n3=0)

Figure 3. M, monoclinic structure of insulating VO, showing the alternation of V;, zig-zag
chains and of V;-V; pairs directed along ay,. The two different V; and V, shifts induce
three different types of oxygen atoms (O}, Oz and O3) per unit cell. A chain of deformed VOg
octahedra surrounding a V zig-zag running along ay, is shown in blue. (Adapted from [33].
Copyright Wiley-VCH GmbH. Reproduced with permission)

I qr= (%'011/2) !

o .-#
i

/ ~y T
// \'\
.\’ ~

I
I
M
Figure 4. Degenerate n7; and i3 irreducible representations (IR) of the qr small group of the
rutile structure. Transverse and longitudinal V shifts with respect to cg are indicated in red
and green respectively (oxygen atoms are omitted). The red V form zig-zag chains along cg

while the green V form V-V pairs. Note that V shifts in 177 - and 73-IR are respectively located
in the orthogonal (110)g and (110)g planes of the rutile structure outlined in blue.

3.26 A [35]. These entities are formed by a V shift of ~0.2 A from the center of the octahedron.
V shifts of 0.23 A (decomposed into a shift of 0.14 A along cr and a shift of 0.18 A along the O
apical direction) are found in the M; structure. They induce tilted V-V pairs which are 2.62 A long

C. R. Physique — 2021, 22,n° 1, 37-87
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and separated by 3.18 A [36]. By 2; screw axis symmetry, the pairing deformation is out of phase
between neighboring chains (Figure 2). As a consequence of the V shift, VO octahedral distances
vary sizably between 1.76 A and 2.06 A in M structure [36]. A similar distribution of VO distances
is found in the M, structure [35].

2.3. The triclinic intermediate phase between M, and M, and probe of theV environment
by electric field gradient measurements

2.3.1. The T phase

The (1, ns = 0) My structure transforms continuously into the (1, 73 = 171) M; structure
by plugging a progressive 13 distortion. This occurs by setting conjointly a dimerization of the
V, zig-zag chain and a tilting of the V;-V; pairs initially directed along cg in the M, structure.
This breaks the 2/m point symmetry of Ma, to 1 and thus a P1 triclinic (T) structure results.
The T structure can be well characterized on powder diffraction spectrum by the observation of
significant angular splitting of some pseudo-rutile Bragg reflections [37-41]. The atomic positions
in the T phase have been refined in V;_,Al,O, with x = 1.5% [42]. Two types of V-V pairs are
formed: V-V, pairs whose internal distance decrease from M; to the M, phases, together with
the vanishing of the tilt angles, and V,-V, pairs whose internal distance increases from the M; to
the My phase, where zig-zag chains are formed. The correlation between the evolution of the two
types of V-V distances between the M, T and M, phases is shown in Figure 5a (blue curve).

The M,-T-M; transformation corresponds to a huge change of local symmetry around the
V. These changes can be easily probed by local measurements such as 'V NMR, and more
particularly by the measurement of the electric field gradient (EFG) tensor on the V site [38].

2.3.2. Electric field gradient probe of theV environment

The symmetric EFG tensor can be expressed in a diagonal form (Vyy, Vy,, V., following the
Poisson relationship: Vi +Vyy +V,, = 0) in an orthogonal frame of principal directions. From the
point symmetry of the Vsite, these directions are the x, y and z symmetry axis of the O octahedron
in the R structure (see Figure 1a). Note that these axes are rotated by 90° around the x axis between
the two neighboring octahedra of the R unit cell. Of course, the principal axis deviates slightly
from these directions in monoclinic structures when V shifts from the octahedron center and
when O octahedra deforms. The experimental V EFG components measured by °!V NMR are
given in Table 1 for the R, M; and M; (V;-V; pair entity) structures. The EFG cannot be measured
on zig-zag V, (magnetic) sites in M. From experimental data there is an ambiguity of indexation
of Vy,, V;, due to the fact that y and z directions alternate between neighboring octahedra. This
ambiguity has been recently resolved by EFG calculations [44]. This work shows in particular
that the maxima value of the absolute EFG is along the apical z octahedral direction. Due to the
Poisson relationship the diagonal EFG tensor, of zero trace, can be expressed by two quantities:

« the EFG absolute value v (here [V_.|)
e the asymmetry parameter g = [(Vy, — Vix)/ V.|

also indicated in Table 1. According to the calculation of [44] V. is negative both in the R and M;
phases.

Table 1 shows that there is large variation of the maximum EFG, v, and of the asymmetry
parameter, 717, of the EFG in the different phases of VO,. This confirms that the environment of
V atoms changes considerably. It is noticeable that the EFG of the V; pairs in the M, phase is
roughly the average between the EFG’s in the R (at the MIT) and M; phases. The EFG in the rutile
metallic phase of VO, varies sizably in temperature [45] at the difference of the EFG in the M; and
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Figure 5. (a) Relation between V,-V, and V;-V) pair distances in the M, T and M, phase of
Vi_,AlO; (blue curve) and correlation between the 'V, EFG component V,, in function
of the V;-V; distance (red curve). These data combine the structural refinement of [42]
for x = 1.5% with EFG measurements of [43] for x = 1.2%. (b) °'V EFG component Vi
allowing to differentiate the two different V; and V, environments in the My and T phases
of V1_,Cr,0,. These two EFG components merge into a single value when all the V sites
become equivalent in M;. Note the progressive differentiation of the two kinds of V site
when the T phase evolves towards the M, phase (adapted from [38]).

M, insulating phases. This effect shall be related, in Section 5.2, to a variation in the occupation
of d orbitals in metallic VO, on approaching Ti.

Figure 5b gives the thermal dependence of two V,, components associated with V;-V; and
V-V, pairs in the M;, T and M, phases of the V;_,Cr,0,. Starting from M; where all the V-
V pairs are equivalent, one EFG component decreases when the V;-V; pair distance decreases
towards the one of M, phase, while the other EFG component increases when V,-V, pair distance
increases towards the V zig-zag distance in M, (because of the broadening of NMR spectra due
to magnetism, Vy, cannot be measured in M, for the V zig-zag). These large and continuous
EFG variations prove that the V environment changes sizably and progressively in the T phase
between the one in the M, and M; phases. Similar results were obtained in V;_,Al,O, with
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Table 1. Various determinations of the frequency (expressed in KHz) of the EFG tensor
components on the V site in the R, M; and M, (V pair) along the x, y and z directions in
the rutile phase indicated in Figure 1a (or close to these directions in the monoclinic
phases)

Phase Vix| kHz V)| kHz |V .| =vqokHz nQ Reference

R (340 K) Pure VO, 14 183 197 0.84 [45]
R (340-350 K) Pure VO, 16(5) 187(6) 203(7) 0.84(2) [44]
R (373 K) Pure VO, 23 173 196 0.77 [46]
R (585 K) Pure VO, 61 134 194 0.37 [45]
M; Pure VO, — — 490(20) 0.50(2) [47]

M; Pure VO, 125(1) 368(2) 490(3) 0.49(1) [38]

M; Ti dopant 121(3) 365(4) 486(5) 0.50(2) [48]

M; Pure VO, 115 373 488 0.53 [44]

M, (V pair) Ti dopant — — 360(20) 0.65(2) [49]
M, (V) pair) Cr dopant 56(1) 293(2) 349(3) 0.68(1) [38]
M, (V] pair) Ti dopant 57(2) 294(3) 351(4) 0.68(2) [48]
M, (V) pair) Al dopant 53 281 335 0.68 [43]

The thermal dependence of the EFG components in the R phase is more explicitly
shown in Figure 13.

x =1.2% [43]. Figure 5a reports for this last compound the correspondence between the lowest
5y, EFG component V,, and the V;-V; pair distance.

3. Phase diagrams

Just after the establishment in 1961 that the MIT of VO, is accompanied by a R to M; structural
transition at 340 K [14], it was found that the R to M; Ty critical temperature decreases sizably
when Vis substituted with Nb, Ta, Ti and Mo elements [50-52]. In the same time, some indications
were found that an intermediate phase (now recognized as M) develops between the R and M;
phases without a consequent destabilization of the M; phase in VO, containing traces of Ti [49],
Al, Fe and Cr [53] impurities. This confusing situation required a detailed investigation of the
phase diagram and of the structure of controlled solid solutions of VO,, which started at the
end of the 1960s [50-52, 54]. Following these works, we summarize, in part 1, the various phase
diagrams of doped VO;. Then, in part 2, we consider modification of the phase diagram of pure
VO, under constraint (stress, strain and pressure).

3.1. VO3 and its alloys

Figure 6 presents a schematic phase diagram of VO, and its alloys. Among them one must
distinguish between:
(a) substituents such as Nb°*, Mo®*, W8+ and Re5*/¢* donors which reduce V** into V3%, or
transfer one electron to the V network,
(b) substituents such as Cr®*, AI**, Fe* and Ga®* acceptors which oxidize V** into V>* or
transfer one hole to the V network,
(c) the Ti** substituent which does not transfer any charge to the V network,
(d) F substituent to O or non-stoichiometric VO, which modifies the cation—anion charge
ratio.
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Figure 6. General phase diagram of doped, strained and stressed VO,. V-V dimers and V
zig-zag chains together with their evolution in the M, T and M; phases are schematically
drawn. In the T phase the red and green arrows indicate the direction of V shifts following
the progressive development of the 73 order parameter defined in Figure 4.

All these substitutions modify sizably the phase diagram of pure VO, as schematically indi-
cated in Figure 6. The physical studies of solid solutions, starting in the 1970’s for bulk crystals,
are all the more important these days because doped VO thin films are currently used to realize
devices having potential applications [27-30].

3.1.1. V hole doping

The R-M; MIT transition of VO, is kept with a small amount x of donor substituent such as
Nb [55], W [56-58], Mo [59,60] and Re [61]. In the solid solution, with the insertion of bulky Nb°*,
Mo®* and Wb+ dopants, whose ionic radius (0.64, 0.59 and 0.60 A respectively) is larger than the
one of V** (0.58 A), the parameters ag and cg of the R phase increase. However, the cr/ap ratio
increases with Nb and W dopant while it decreases with Mo and Re dopant. But in all the solid
solutions the insulating M; phase is strongly destabilized with increasing x. This general feature
can be understood by the loss of M; stabilizing energy due to V-V pairing when in a given dimer
the V is replaced by a substituent. For example, by substituting Nb to V, VA*-V** pairs, where V**
spins 1/2 are paired in a non-magnetic singlet, are broken into a V3*Nb®* entities where the V3*
bears a spin 1 [22,62]. For x small, the MIT decreases by about 12(1) K per percent of V3* formed.

However, for large x, different behaviors are found. Figure 7a presents the phase diagram of
the V;_xNb, O, solid solution [20, 55, 63]. The MIT saturates at ~250 K for x larger than 9% and
becomes ill defined above this concentration. For x = 10% the insulating phase exhibits a long-
range rutile (R') order which is in fact an average structure. The true structure is made of locally
disordered V-V tilted pairs. More precisely, the R’ phase presents a quite subtle local order which
consists of a superimposition of two M, types of 2D orders respectively located in the (110)g
and (110)g planes shown in Figure 4. This corresponds also to a disorder in the tilt angle of
the V=V pairs in a third direction perpendicular at each type of the above quoted plane [31].
More concisely, each 2D M, order is recovered by spatial averaging to zero of one of the two 7,
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components of the (1, ) M; order parameter. Note that if the spatial average is only performed
on a single n component of the M; order parameter, a monoclinic M’ average long-range order
is obtained. It is observed between 7% < x < 9% (see Figure 7a). These short-range orders, which
extend on ~100 A, vanish upon heating towards the transition towards the metallic R phase.

A completely different phase diagram, shown Figure 7b, is obtained for large x in the
Vi-xMo; O, solid solution [60]. Ty decreases linearly when x increases, in such a way that a
low temperature correlated metallic state is stabilized for x > 0.2. However, in this concentration
range superconductivity is not detected down to 0.35 K. The stabilization of a low temperature
metallic state is also reported for large x in V;_,W, 0, [23,58].

3.1.2. V electron doping

The phase diagram of VO, substituted with Cr**, Fe3*, A" and Ga®* acceptors, whose ionic
radius (0.62, 0.55, 0.53 and 0.62 A respectively) is comparable to the one of V** (0.58 A), is very
different from the phase diagram obtained with donors. Very early a new insulating phase whose
symmetry and magnetic properties are different from those of M; was detected in V;_FeO, [17]
and V;_,CryO2 [64] solid solutions. Also, at the difference of hole doped systems considered
previously, the MIT of electron doped systems was found to increase with x. However, the first
published phase diagrams were incomplete with regard to the number and of the structure of
new phases stabilized between the R and M; phases of pure VO. It is now well established that
two new insulating M, and T phases were found to intercalate for small amount of Cr [37, 38],
Al [39, 43, 65], Fe [40, 66, 67] and Ga [41, 68, 69]. Note that the triclinic T phase is sometimes
still incorrectly named in the literature as the monoclinic M3 phase, a variant of My, previously
suggested in V,_,Cr, O, [35]. These intermediate phases, described in Section 2, differentiate the
two components of V shift in the M; phase. The phase diagrams of these solid solutions show
common characteristics with that of V;_;CrxO, shown in Figure 8. The R-M, transition is of
first order. From EFG (Figure 5) and structural measurements (i.e., from the angular splitting of
pseudo-rutile Bragg reflections) the M,-T transition is also first order, while the T-M; transition
is basically continuous. The critical temperature of the T-M; phase transition abruptly decreases
with increasing x, so that the M; phase vanishes above x ~ 1%.

At ambient pressure, between x = 8% and 15% of Cr in the V;_,Cr,O> solid solution a new
monoclinic pseudo rutile M4 (P2/m) insulating phase replaces the M, and T phases (Figure 8).
In this phase V pairing apparently vanishes (on average?) [37]. The M, phase is also stabilized
between x = 5% and 11% of Fe in the V;_,Fe, 0> solid solution, while for x between 11% and 13%
an orthorhombic O phase appears and for x between 13% and 25% another phase of unknown
symmetry is reported [66].

3.1.3. The special case of Ti substituent

It was noticed in earlier studies of VO, that minute substitution of V4* by Ti** intercalates
a new insulating phase between the R and M; phases of pure VO, [48, 49, 70]. From EFG
measurements this phase can be identified as M, [48, 49]. EFG measurements also show that
upon cooling there is a 1st order M, to M; transformation [49] without the detection of the
intermediate T phase present in the phase diagram of acceptor dopants. As for the electron doped
systems, the R-M, transition temperature increases with x, the amount of Ti, and for x > 13% a
new M, phase is stabilized [71].

3.1.4. Anion substitution and oxygen non stoichiometry

The M; phase of VO, is destabilized when a fraction z of divalent O is replaced by the
monovalent F on the anionic sublattice. The solid solution VO,_.F, thus incorporates a fraction
z of V3*. Also, the rate of decrease of Ty per V3* formed is the same as for V hole doping [72].
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Figure 7. Phase diagrams of V;_Nb,O; (a) and V;_,Mo,0, (b) according to [60, 63]
respectively. Note that with increasing x, while the metallic R state is stabilized down to
low temperature for x > 0.2 in Mo alloys, a non-metallic R state (due to a Mott-Hubbard
charge localization) is observed for x > 0.2 in Nb alloys.

Although F~ has an ionic radius (1.33 A) smaller than the one of the 0%~ (1.40 A), the ag, cg and
cr/ ag parameters sizably increase with z.
Oxygen non stoichiometry, y, has also a profound influence on the phase diagram of solid so-
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lutions of VO3, especially in presence of V substituents such as M = Cr, Al, Ga, Fe. In V- xM;O24y,
oxygen non stoichiometry changes the number of V3* present in the solid solution to x + y. It is
found in particular that oxygen deficiency (y < 0) compensates the effect of M3* doping [73]. This
induces a vanishing of the M, and T phases, as observed in the Al doped systems [43]. In a similar
manner, it is found in the solid solution V;_,Cr,0,_,F, that when x = z increases the M; phase
spreads at the expense of the M, and T phases [74]. In an opposite manner, oxygen excess (y > 0)
in Vi_,Al,O2, , increases the stability of the M, phase [43].

3.1.5. Irradiation defects

The MIT of VO, has been studied upon irradiation with O* ions [75]. Irradiation of VO, leads
to a much milder reduction of the MIT and Ty and to a weak gradual decrease of the insulating
state resistivity compared to V, 03, showing that the insulating state and the MIT of VO, are much
more robust and less susceptible to disorder than for V»0j3. Structural measurements, on the
other hand, are insensitive to irradiation with O* ions, thus indicating that no major structural
changes or formation of secondary phases occur. This means that irradiation probably induces
local perturbation breaking the M; V-V pairs of VO,. In this respect, it has been proposed that
such point defects consist in V and O local displacement forming vanadium and oxygen Frenkel
pairs [76].

3.2. Stressed, strained and pressurized VO,

3.2.1. Stressed VO,

By applying an uniaxial stress along the [110]g direction (i.e. along the local z and y’ octahedral
directions shown in Figure 1a) in the R or M; unit cell of VO, the V sites and O octahedra become
differentiated. A shear unit cell deformation towards the T phase is induced and the equivalent
V of pure VO, in ambient condition now experience different environments, as proven by EFG
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Figure 9. (a) Phase diagram of [110]g stressed VO, (from [77]). (b) Tensile stress—
temperature phase diagram of VO, nanobeam (from [78]).

measurements. Modest stresses of few hundred of bar then induce the M, phase, just below the
metallic R phase. The phase diagram thus deduced from NMR and ESR local measurements is
shown in Figure 9a [77]. One recovers the phase diagram of acceptor doped systems, previously
discussed in part 3.1b.

Recent experiments have determined the stress-temperature phase diagram by applying
a uniaxial stress along cr in free standing micro/nanocrystals of VO,. As a function of the
temperature a M;, M, and R phase diagram is constructed. These different phases have been
characterized by combining in situ microscopic imaging and micro-X-ray diffraction on single
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domain of crystalline VO, microbeams [79]. The tensile stress—temperature phase diagram of VO,
has been also determined using single-crystal VO, nanobeams placed in a nanomechanical axial
strain apparatus [78]. The phase diagram thus obtained (Figure 9b) reveals the presence of M,
M, and R phases which surprisingly merge into a solid-state triple point found at 338 K (=Tyy) for
unstrained VO,. In the phase diagram of [78] the T phase between M; and M, is metastable. This
finding is contradicted by a determination using micro-Raman spectroscopy of the (7, tensile
strain) phase diagram which reveals a stable T phase around RT and under modest strain in
single crystal VO, microbeams [80]. Furthermore, this last study shows that the M;-T transition
is continuous while the T-M, and M;-M, transitions are first order, in agreement with results
obtained in acceptor doped (Section 3.1.2) and Ti substituted (Section 3.1.3) VO, systems.

Finally, note that additional complication should occur in the determination of the tensile
stress—temperature phase diagram of VO, micro- and nano-beams because M1, M, and R domain
patterns are observed [78,79]. Also, as VO is an (improper) ferro-elastic material, the formation
of domains should affect local strain distribution and hence perturb the experimental conditions
to establish the MIT phase diagram (for more detail see Section 4.2.3).

3.2.2. Strained VO, films

Strained VO, is obtained by epitaxial deposition of a VO, thin film on substrates such as TiO»
(001) and (110). A large reduction of Ty is observed by deposition on TiO, (001) substrate,
while an enhancement of Ty is obtained on TiO, (110) substrate [82]. Note however that
with such a procedure, biaxial strain could result from lattice mismatch between VO, and the
substrate. Thus, measurements have been redone in a more controlled manner with VO, thin
films placed on a RuO, buffer layer deposited on TiO, (001) substrate [81]. This device allows,
through the buffer thickness, a precise control of the ar expansion (cg contraction) of the VO,
film. It is found (Figure 10) that Ty;; decreases when the cg/ ag ratio decreases. This is a surprising
result because it is stated in the literature on empirical considerations [32] that M; pairing
is stabilized when the cr/ag ratio decreases. However, it appears that in their experimental
conditions strained VO, films undergo a sizeable octahedral deformation: strong increase of the
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V-0 apical distance without appreciable change of the equatorial V-O distance (see Figure 10).
This deformation should significantly change the relative occupancy of the V fp; orbitals in
metallic VO,. In particular X-ray absorption spectroscopy of such films provides evidence of a
charge transfer from d,, to 7t* orbitals (defined in Section 5) under uniaxial strain [81].

3.2.3. Pressurized VO,

These last years the improvement of experimental technics has opened the route to the study
of pressurized materials. In spite of that the phase diagram of VO, under pressure remains
largely incomplete. From Raman and electrical measurements, the metal-insulator transition
Twmr increases up to 370 K for 18 GPa and decreases for higher pressures, reaching 300 K for
~38 GPa [83]. At ambient temperature pressurized M; VO, phase exhibits above 11 GPa (P*)
a net enhancement of its optical conductivity [84] and a faster rate of increase of its electrical
conductivity [85]. According to [85] the stable phase for P > P*, denoted by the notation M} in the
literature, could be associated to a progressive band gap closure. However, X-ray diffractogram
does not provide any evidence of change of P2;/c symmetry on crossing P* [85-87]. Only a
remarkable anisotropic compression in the (b,c)y, plane is noticeable on crossing P* [86].
However, since the MT structure has not been refined, it is not known if a possible rearrangement
of V chains accompanied by a variation of 3d ;g V occupancy occurs. The enhanced conductivity
saturates around 40 GPa. At these pressures another unknown metallic phase, characterized by
a different powder diffraction pattern [85], should be stabilized. Recent Raman scattering and X-
ray diffraction data evidence another structural modification around 19 GPa towards a different
monoclinic M3 phase [87].

4. Lattice symmetry considerations

4.1. The four-component order parameter

The monoclinic M; unit cell of VO, is obtained from the rutile R unit cell by the transformation
[16]:

ant, 00 2 ar
le =010 agr (1)
oM, 10-1 CR

This transformation implies a doubling of the rutile unit cell to which corresponds the setting
of new reciprocal periodicities at the reduced R point qg = (1/2,0,1/2)g at the boundary of the
rutile Brillouin zone (designated by the subscript R). The M; unit cell doubling can also set new
reciprocal periodicities at qg = (0,1/2,1/2)g, which is equivalent to qg by rutile reciprocal space
symmetry. The star of the R to M; structural transformation thus contains 2 arms (qgr or qg/)
in reciprocal space. However only one arm of the star is activated in the R to M; (or M) phase
transformation. The irreducible representation (IR) of the R — M; phase transformation has for
each arm two degenerated components 1; and 13 [88], whose elementary V shifts in the rutile
unit cell are represented in Figure 4. V shifts are interchanged between 1, and 73. To summarize,
the order parameter of structural transitions of VO, has 4 dimensions: qg and qr arms, each
degenerated two times. Such order parameter can thus be expressed in the vectorial (11, 12, 73,
7n4) form. In this notation the two degenerated 177 and i3 RI are associated to qg, and 7 and 14 RI
are associated to qg. If qg is relevant, n; and ns are both activated in the R to M; transition, but
only 771 or 13 is activated in the R to M transition.
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4.2. Landau theory

The description of the complex R-M;-T-M, structural phase diagram of the V;_,Cr,O, solid
solution (Figure 8) has motivated an elaborated Landau theory investigation of phase transitions
in systems with a 4-components order parameter. This phenomenological theory was developed
to establish the stable phase diagram of VO, and its alloys and VO, under external constraints. As
there is an important literature concerning the symmetry analysis of the structural transitions of
VO,, especially by the Russian school in the 1970’s, we shall quote below only the most important
references.

4.2.1. Free energy expansion up to the 6th order

As the R-M; MIT of VO, is first order, the minimal expansion of the free energy must be of
the 6th order in the 17; components of the order parameter. The expansion built on the different
invariants of the four n; RIs of the qr and qr/ arms has been first derived by [88]. This functional
can be expressed for a phase transition at T, using the notations of [89], as:

a 1 1
F=(T=T) ) mi+ 3 bijin; + 2 ¥ dijni )
i i,j i,j

It describes four types of symmetry breaking transitions indicated by the 4 first lines in Table 2,
where the symmetry of low temperature phases is specified by one or two finite and identical n
values. The symmetry breaking involves two phases, M; and M», where only one arm of the star
(gr in the table) is activated and two phases for which the two qr and qg’ arms of the star are
conjointly activated. Note that up to the 6th order in the free energy expansion, the T phase is not
stable.

By defining the vectorial order parameters of the M; and M, phases of VO, by:

an = \/Li(n, Ornr 0) and T]MZ = (T],0,0,0) (3)
the free energy of the phase a (M; or M) reads:

a 1 1
Fa=5(T- Tn* + Zban“ + gdan“ (4)

Using the fact that by symmetry one has b;; = bs3 and b3 = bs; in (2), one gets by, = (b11 + b13)
and by, = b1 in (4). Note that because the R-M; and R-M; transitions are first order one has
bq < 0. Similar expressions are obtained for d, (a being M; or M») introduced in (4) in function
of the d;;’s defined in (2). The condition d, > 0 insures the stability of M; and My phases. At T
the minimization of (4) with respect to 7 leads to:
3
n’ = _ba and thus Fy = ba”_
da 12d,°
By defining 8 = by, /by, and 8 = dy,/dyi,, the phase M; is more stable than M, if 3 >
1262 and the phase M, is more stable than M, if g3 < 1262 [89]. It is found from latent heat
measurements in the V;_,Cr,O- solid solution that the phase M; is more stable than the phase
M [38]. This finding can be understood by the presence of an excess of entropy due to magnetic
fluctuations in the zig-zag spin (1/2)V** Heisenberg chains in the M, phase (see Section 5.3).
Note that stress should renormalize the b, coefficients (see part c below).

(5)

4.2.2. General expansion of the free energy

It was very soon realized that obtaining of the T phase of VO, required a general expansion
of the free energy up to the 8th order in the order parameter [90]. This expansion allows for
stabilization of 5 additional phases, one phase (i.e., T) with a single qg modulation and 4
phases with a simultaneous qg and qg' modulation (Table 2). In these five new phases the order
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Table 2. Low symmetry phases stabilized by a qr/qg/ instability of the rutile structure

Vectorial order parameter Critical wave vector Space group stabilized Multiple of R volume

(1,0,0,0) qr C2/m (M) 2
(7,7,0,0) qr and gy Fmmm 4
(1,0,1,0) qr P2;/c (M) 2
(,0,0,m) qr and gy I4,/a 4
(,7',0,0) qr and qg C2/im 4
(1,0,17',0) ar PI(T) 2
(1,0,0,1) qr and qg/ C2/c 4
mnn',n) qr and qg/ P2,/c 4
(M1,M2,M3,M4) qr and qg P1 4

The first 4 phases are obtained by minimization of the free energy expansion (2) up
to the 6th order, while the additional last 5 phases are obtained for the free energy
expansion up to the 8th order. Note that the 3 single qr phases of this table are observed
in VO3 and its alloys.

parameter presents different n components as indicated in Table 2. The general list of stable
phase diagrams, where the order parameter transforms as a four dimensions representation of
3D space groups, has been classified by [91]. Here we consider only the phase diagram for a single
qr modulation which is the case of VO,.

In the phase transition of VO, where only one arm of the star with a degenerated (11, 73) IR is
activated, the free energy expansion is equivalent to the one obtained for a two-component order
parameter (n; = p cos¢, N3 = p sin¢) which transforms according to the C4y point group [92]. This
type of functional has been also used to analyze in detail the structural phase diagram of layered
perovskite [93]. With this two-components order parameter two invariants can be constructed:

L= +nj3 = p?
From them one simply derives the free energy expansion up to the 8th order [92,93]:

and I = (nf - n3)° —4ninj = p* cosd¢ 6)

F=a L+ a2112 + a3]13 + a4114 +b1 I + bg[zz +croh I + (,‘112112]2 (7
Minimization of this free energy is obtained for 4 different sets of order parameters:

e 111 =13 =0 or p =0, which corresponds to the R high temperature phase,
e 111 #0,n3=0o0r p #0 and sin¢ = 0, which corresponds to the M, phase,

e 111 =13 #0or p #0 and sin¢ = cos ¢, which corresponds to the M; phase,
e 11 #n3 #0or p #0 and sin¢ # cos¢, which corresponds to the T phase.

Figure 11 represents schematically the 3 generic phase diagrams obtained in function of the
parameters of the free energy expansion (7). Lines of second order and of first order transitions
are differentiated in this figure. There are only two types of triple points where the first order
transition lines between R, M; and T or R, M and T phases merge and one quadruple point
where all the second order transition lines between the R, M;, T and M, phases merge. These
phase diagrams do not exhibit the R, M;, M, triple point reported in Figure 9b. A first order R to
T phase transition (left side of Figure 11) is not observed except perhaps for a weak [110]y stress
applied to VO, (Figure 9a).

These phenomenological phase diagrams predict a first order R-M; phase transition when,
for b, positive enough, a; decreases. However, the diagram intercalating the 1st order R-M, and
M,-T phase transitions requires a large increase of b; starting from negative values (for which
My, is stabilized) in the phase diagram obtained with a; < 0 and A < 0 (left side of Figure 11).
According to the Landau theory, b; appears to be the critical parameter controlling the sequence
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Figure 11. Schematic phase diagrams of the Landau free energy (7) in function of the
coefficients of its expansion. The dashed (blue) and continuous (red) lines are second and
first order transition lines respectively. The phases indicated are those of VO, (adapted
from [92]).

of insulating phases of VO,. This was already assessed in part (a) by the introduction of the
ratio . Here, with the inclusion of the phase ¢ in the definition of the order parameter, I, and
consequently b; should change of sign between M, (¢ = 0) and M; (¢ = 7t/4). Note however that
this type of analysis should not be pushed too far because when order parameter fluctuations
are taken into account second order transition lines, obtained in the other phase diagrams of
Figure 11, can be transformed into first order transition lines (see part 4.3).

4.2.3. Ferro-elasticity and coupling to strain

The R-M; and R-M, MITs of VO, are accompanied by a change of lattice symmetry from
quadratic (4/mmm point group) to monoclinic (2/m point group). These transitions are thus
ferro-elastic. The spontaneous elastic deformation of the unit cell which results can be also taken
as an order parameter of the transition. The spontaneous deformation (strain) tensor of VO,
is given by [94]. Since the MIT involves primarily a unit cell doubling, the spontaneous lattice
deformation is a secondary order parameter of the transition, and for that reason the ferro-elastic
transition of VO, is called improper. In that case it is expected when Ty is approached from
below a partial softening of the elastic constants related to the spontaneous deformation [94].
Indeed, it has been found from Rayleigh sound velocity measurements [95, 96] a softening of the
stiffness coefficient C44 by ~20% and of (C1;-C;2)/2 by ~40% in the M, phase.

A general symmetry analysis of the ferro-elastic coupling between primary and secondary
order parameters has been performed by [97], see also [98]. The different types of coupling
between the two components (11, 773) primary order parameter of VO, and a secondary order
parameters { are given by [93]. At the lowest order in development of the order parameters there
are two types of coupling terms:

M3 £n3)¢ (8a)
UBUELS (8b)
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Only (8a) gives a coupling with the strain tensor e;;. It is more explicitly expressed via the two
coupling terms:

M3 —n3exy )
03 +n3) [Alexy + eyy) + pez] (10)

However, in (10) the coupling to a uniaxial longitudinal strain e;; (or any strain A(eyx + eyy) +
1ezz), does not break the R tetragonal symmetry. It only renormalizes coeflicients of the bare
Landau development (2). Thus, only the coupling to the shear strain ey, given by (9), modifies
the phase diagram of pure VO,. This coupling lowers the free energy of the M, phase, for which
13 = 0, but does not modify the free energy of the M; phase where 1, = 3. Thus, the shear
stress ey, suppresses the M; phase and stabilizes the M phase, as experimentally observed in
Figure 9a [77].

In VO, single crystal, 4 types of domains related by the point symmetry elements lost at
the MIT are formed [94]. All these domains have been observed [99]. Furthermore, the domain
structure is modified under stress. According to the analysis developed by [89] ey, stabilizes
one domain of phase M;. The stress (exx—ey)) keeps the degeneracy of M; and M, at Ty but
nonlinear b3 and d,3 terms in the expansion (2) should stabilize the phase My, as in unstrained
sample.

The experimental situation is more subtle in VO, nano-systems with the observation of M;,
M, and R domain patterns at the MIT, see for example stress experiments quoted in part 3.2a.
However, it has been argued [89] that in unconstrained VO,, M; should be the stable lower-
symmetry phase in ambient condition. But a small perturbation, which renormalizes coefficients
b;j of the Landau free energy development (2), allows the stabilization of the M, phase with
respect to M; or the coexistence of M, My, and R phases. The interplay between ferro-elasticity
and MITs in strained VO, nanoplatelets has been experimentally demonstrated by [100]. Also,
mesoscopic strain-induced MITs in the vicinity of ferroelectric domain walls allow the nucleation
of conductive channels in the insulating material at temperature 10 K lower than Ty of bulk
VO, [101]. In this framework, it has been reported that VO, thin films exhibit phase coexistence
on few K in the vicinity of Ty with nanoscale metallic puddles appearing at the onset of
the MIT [102]. Note also that a surface study of thin films of VO, grown on (110)-oriented
substrates of rutile TiO, around Ty and atmospheric pressure reports decoupled structural and
electronic transitions and reveal the presence of an additional monoclinic-like metallic phase in
between the M; and R phases [103]. Very recently, atomic resolution imaging and spectroscopy
reveal the existence of fine-scale tweed structures on nm length scale in VO,/TiO,(001) films
[104]. Such textures, which behave like the standard metallic rutile phase, is in fact weaved by
semi-dimerized chains of vanadium in a new monoclinic phase that appear to be a structural
bridge between the different monoclinic insulating ground states of VO,. These observations
provide a multiscale perspective for the interpretation of existing data in thin films, where phase
coexistence and structural intermixing occur down to atomic scale. Such patterns are controlled
by the ferro-elastic nature of VO, and its response to misfit strain.

To finish two remarks can be done. Firstly, it is not clear if the observed phase separation
reported in thin films is due to electron—electron repulsions in correlated materials or to elastic
inhomogeneity in the films. Secondly, because of the key role of ferro-elasticity to achieve the
texture of small-scale systems, one must be very careful before generalizing observation done in
nano-systems to macroscopic VO,.
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Figure 12. One electron representation of the electronic structure of (a) metallic and
(b) insulating VO, according to [19]. 6E is the optical gap between d}g/ and 7t* bands and
2A is the Peierls gap between d? and d}\} bands.

4.3. Beyond the Landau theory

Renormalization group study of the critical behavior of the Ginzburg-Landau functional with a
4th degree polynomial expansion of the order parameter components allows us to determine,
by the presence or absence of a stable fixed point, if the basic nature of the phase transition
is of second order or of first order. These two possibilities occur for functionals with four-
component order parameters. The order of the phase transition thus depends of the structure
of the functional [105]. The analysis performed for the VO, functional shows the lack of a stable
fixed point. Thus, according to [105], this finding is compatible with the experimental observation
of a strong 1st order MIT in VO,. Note that in this framework the first order nature of the MIT of
VO; should be triggered by the sizeable pre-transitional structural fluctuations observed above
Twmr (see Section 6).

5. Electronic structure of VO,

The first convincing explanation of the MIT of VO,, assuming a free electron picture, was
proposed in the 1970’s [19] by analyzing implicitly the influence of the two components of the
M; vanadium shift on the metallic R band structure. This mechanism, which remains widely
quoted nowadays, especially by experimentalists, is the main support at the so-called Peierls
scenario of the MIT of VO,. However as, since the 1970’s, the description of the electronic
structure of the insulating and metallic phases of VO, has been improved, Goodenough’s scenario
should be revisited. In this section we first recall Goodenough’'s model, then we present an
up-to-date description of the electronic structure of metallic and insulating VO,. As a lot of
controversy remains in the literature on fine detail description, we concentrate our review on
salient experimental and theoretical results for which there is an overall consensus.

5.1. Model of Goodenough of the MIT

The model starts from a simplified metallic band structure of VO,. The V 3d levels are split by the
oxygen octahedral crystalline field in such a way that the triplet of 7,4 levels is well separated by
~2 eV from the doublet of highest energy eg levels [106]. Thus, only the ¢ orbitals are occupied by
the d' electron. Among them Goodenough distinguishes between the x*-y? orbitals, in direct &
interaction along cg (x direction), which gives rise to a quasi-1D d,;, band, and xy and yz orbitals,
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in antibonding 7tinteraction with triangular faces of the O octahedron, which gives rise to a quasi-
isotropic set of m* band (the f» orbitals are named according to the x, y, z octahedral setting
of Figure 1a). One thus gets the schematic band structure of metallic VO, shown in Figure 12a,
where the d/; and 7t* bands are partially filled by the V d! electron. In the following, it is useful for
a better description of the electronic structure in the quasi-1D insulating phases, to differentiate
the two types of T* orbitals into xz orbitals, having a 7t-type bonding along cg, and yz orbitals,
having a §-type bonding along cg.

In order to describe the electronic change at the MIT, the individual V shift in the M; phase
should be decomposed into two components, a zig-zag shift, u,, towards one apical O and a
dimerization shift, uy, along cg. There the V zig-zag shift u, destabilizes the 7t* levels by 6 E. This
provokes an inter-band charge transfer from the 7t* to the d;; bands, the latter one becoming
half-filled if 0E is large enough. Assuming a half-filled quasi-1D d,; band structure, the chain
dimerization component u, opens a Peierls gap 2A separating the bonding to the anti-bonding
levels of the V-V dimer (d?/ and d‘;\/B respectively). With this double process M; becomes an
insulator (semi-conductor) if OF is large enough so that the bottom energy of the m* band is
higher than the upper energy of the d?, band, as shown in Figure 12b. § E measured at = +0.68 eV
at ambient pressure [107, 108] supports this scenario. Note that in the opposite situation of
negative E, M; should remain metallic. It has been proposed that such a scenario could explain
the metallization of pressurized VO, which keeps its M; structure [84].

Finally note that all these purely qualitative considerations are not based on a detailed energy
balance between the electronic energy gain due to gap opening and the cost of lattice distortion
energy. Also let us recall that the Peierls stabilizing mechanism requires a gap opening in a quasi-
1D d;; band. Electron—electron correlations are also ignored in this scenario. To conclude note
that an unprecise denomination of the M; ground state is often done in the literature: a 2kg
Peierls ground state with one d electron per site (2kp = 1/2 in chain reciprocal unit) does not
corresponds to the establishment of a charge density wave (CDW) on the V site because all the V
sites are structurally equivalent (see Figure 2), but to a bond order wave (BOW) where short bonds
(those of the dimer) alternate with long bonds along cg. To be more general note also that the V-V
M, pairing can be described either by a 2kr BOW Peierls pairing modulating the charge density
of the bonds or by a spin-Peierls pairing of two neighboring spin 1/2 into a magnetic singlet on
the dimer (see Section 5.3.2). As these two types of order are described by an order parameter of
same symmetry (the amplitude of dimerization), one passes continuously from the Peierls limit
to the spin-Peierls limit.

5.2. Metallic phase

5.2.1. Quasi-isotropic electronic structure

One fundamental assumption of Goodenough’s scenario is the presence of a quasi-1D d,; sub-
band in the R phase of VO,. It implies that a 1D electronic instability is an important aspect
of the driving force of the MIT (this is the basis of the Peierls scenario). There is however no
clear indication of a 1D anisotropy in the metallic structure. The electrical conductivity is quasi-
isotropic between longitudinal (cg) and transverse (ag) directions: o./0, ~ 2.5 [109]. Quasi-
isotropy is also assessed by optically measured Drude plasma frequencies, Qf = 4.2 eV and Qf =
3.56 eV [110]. Moreover ab-initio band structure calculation shows that if the x>-~y? intrachain
transfer integral is twice the xz and yz inter-chain transfer integrals [111], there are only two V
coupled along cg compared to 8 V inter-chain directions, see Figure 1a, so that the band structure
should be relatively isotropic. This is sustained by the calculation [112] and measurements [113]
of close Fermi surfaces. Also, the analogy between metallic VO, and transition metals like Pt or
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Pd [24] where electrons in a comparatively wide t* band screen out the interaction between the
electrons in a narrow overlapping d,; band is not really founded.

Finally let us remark that a recent angle-resolved photoemission (ARPES) investigation of VO,
epitaxial thin film on TiO,(001) substrates (i.e., exhibiting an in-plane tensile strain induced
by the lattice mismatch between the film and substrate—see Figure 10) provides evidence of 3
closed electron Fermi surface (FS) around the I" point with one sub-FS exhibiting flat sections
which could be nested by the g critical wave vector [113]. Also, an earlier electronic structure
calculation evidences also a well-defined maximum of the electron-hole Lindhard response in
metallic VO, at qgr, which could be caused by some nesting of one sub-FS [112]. However, in all
these cases, the qg partial nesting should not be able to remove all the states at the Fermi level.
At most, it could lead to a semi-metallic ground state and certainly not to a semi-conductor with
the opening of the large gap experimentally observed. Also, it has not be established that partial
nesting of the FS by a single qgr should lead to a minimum of free energy.

5.2.2. Electron—electron correlations

Magnetic measurements show that metallic VO, is a correlated metal. The spin susceptibility,
xs, corresponds to an effective density of states at the Fermi level of Neg(Erp) ~ 10 states/eV per
VO, unit and spin direction [20, 22]. With respect to a LDA density of states of N(Eg) ~ 1.24-1.31
states/eV per VO, unit and spin direction [33, 114], ys presents a Stoner enhancement factor of
8. Also, a similar large enhancement factor of the linear coefficient y of the thermal dependence
of the electronic specific heat is found in low temperature metallic V;_,W,0; for x = 0.14 [23].

These experimental findings somewhat contrast with DMFT results where mapping of the
spectral function on the self-energy of a Fermi-liquid leads to a weak mass renormalization:
m*/m = 1.35-1.8 [111, 114, 115], together with a still sizeable quasi-particle weight of Z ~ 0.66—
0.50 [111, 116]. Note that the finding of a negligeable mass enhancement (m*/m ~ 1) and of a
quasi-particle weight of Z ~ 1/3, in an earlier photoemission investigation of metallic VO, at
350 K [117], supports the description of VO, as a metal with an intermediate level of correlation.
However, it is found that DMFT calculation of ys [114] and y [116] disagrees by a factor 2-2.5 with
the previously quoted experimental results.

The spectral function calculated by DMFT [111,116,118] in the R phase however bears some
resemblance with that measured in more recent photoemission experiments. In the metallic
phase the calculated spectral function exhibits a narrow quasiparticle coherence peak close to
Er together with two Hubbard bands: a weak lower Hubbard band (LHB) at about —(1-1.5) eV
below Ef and a stronger upper Hubbard band (UHB) at about +(2-3) eV above Ep. The LHB has
been detected in valence band photoemission spectra taken below Eg in the metallic phase just
above the MIT [119]. However, it should be desirable to measure/calculate the spectral function
at higher temperature when VO, behaves as a bad metal (see below).

The electrical resistivity increases as T in metallic VO, without saturation of the rate of
increase at temperature as high as 840 K [120]. From conductivity and optical measurements
an extremely short electron mean-free path comparable to cg was deduced [120, 121]. From
this finding it was concluded that VO, is a bad metal. However, this interpretation rules out
the standard quasiparticle picture of charge conduction in a Fermi liquid at high temperature.
This is a clear indication that single site Coulomb repulsion energy (U) dominates the physics
of metallic VO, [121]. Note however that a very short electron mean free path could be also due
to the presence of a structural disorder caused, for example, by the onset of high temperature
quasi-static lattice fluctuations announcing the MIT (see Section 6.4.1).

The previous analysis shows that VO, should be close to a Mott-Hubbard transition. More
direct evidence of such an instability is provided by the study of V;_,Nb,O- solid solution. With
x increasing the rutile unit cell volume sizably increases [55]. When x increases, until about
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13.5% Nb, the spin susceptibility becomes significantly enhanced in a homogeneous manner
(i.e., without no important local effect around the Nb impurity, which basically remains Nb**
in the metal), while its thermal dependence progressively changes from a Stoner enhanced Pauli
law to a Curie-Weiss law [20, 22]. For a Nb concentration, larger than x. ~ 20% (for single crystal
measurements), a metal non-metal electronic crossover keeping the R structure is observed
[21, 55]. Interestingly, at this crossover concentration the cg parameter reaches 2.93 A [50, 55],
which corresponds also to the repeat distance of V** zig-zag, with Mott—-Hubbard localized
electrons, in the M, phase. This metal nonmetal crossover occurring inside the R phase can
be viewed as a Mott transition due to enhanced electron—electron correlations when, with the
unit cell volume increase, the transfer integrals are reduced [62]. In the initial investigations it
was suggested that the Mott—-Hubbard charge localization could be also favored by an Anderson
charge localization due to the Nb disorder with the onset of local effects around the Nb when
approaching the insulating state [20]. However, charge localization due to dopant disorder is
probably not very efficient because the R metallic state can be stabilized down to low temperature
in Mo and W solid solutions (see Figure 7b) with an amount of dopant comparable to x. at
which the metal non-metal crossover is observed in V;_;Nb,O». Finally, note that cluster-DMFT
calculations predicts a Mott-Hubbard metal-insulator transition inside the R phase of VO, for a
one site Coulomb repulsion term U larger than 3-3.5 eV (see Figure 14 in [116]).

5.2.3. Iag orbital occupancy

An important aspect of the MIT of VO, concerns the change of electronic anisotropy. While the
electronic structure of the R metal is nearly isotropic, the insulating M; ground state exhibits a
pronounced 1D electronic anisotropy with the formation of chains of V-V pairs. This anisotropy is
experimentally assessed by the observation of a giant transfer of spectral weight at the MIT [119]
together with an orbital occupation change from almost isotropic in R to almost completely o
polarized in M, [122]. It is thus desirable to characterize more precisely the influence of 7, orbital
degrees of freedom in the physical properties of metallic VO,.

The 1,g orbital occupancy in metallic VO3 has been probed by various experimental technics.
A recent summary of the orbital occupancies experimentally determined and obtained from
ab-initio calculations can be found in [44]. There is no real consensus on the results. Here
we consider a recent determination [44] based on ®!V EFG measurements. Calculation of the
experimental EFG on the V site is delicate because the EFG contains a contribution from all
charges outside of the V and a contribution of the d! electron located inside the V sphere. In
this latter contribution the d' electron occupies one of the 3 frg Orbital states x’-y?, yzand xzin
fi, f> and f3 proportion respectively (with f; + f> + f3 = 1). The contribution of the d' electron at
the EFG components on the V site can be expressed as [45]:

Vix =—1.063f> —1) a.u. (11)
Vyy=-1.063f; - 1) au. (12)
V.. =-1.06(3f1 —1) a.u. (13)

These expressions are given in atomic unit (a.u.) which includes (1/ r3) calculated for a V**,

according to the relation:
4e<—1> 2.1a (14)
= =-2.1au.

7\

Note that residual e orbital occupancies contribute to fi.

The thermal variation of the experimental EFG measured in the R phase is shown in Figure 13
(see also Table 1). By taking into account the calculated EFG due to surrounding ions, it is
estimated by [44] a fractional fg orbital occupancy of fi : f> : f3 = 0.49(4) : 0.26(3) : 0.24(3) at
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Figure 13. Thermal dependence of the modulus of the 3 principal components of the V°!
electric field gradient tensor in metallic VO,, expressed in the (x, y, z) frame of Figure 1a.
The EFG is expressed in NMR frequency (KHz—left scale) and in atomic units (right scale)
(adapted from [45]).

350 K. Note that soft-X-ray absorption spectroscopy at the V L, 5 edges give a somewhat different
occupancyratio fi : fo: f3=0.33:0.51:0.16 at 373 K [122].

However, the original information given by Figure 13 is that the EFG exhibits a sizeable
thermal variation. This effect should be associated to a thermal variation of the fractional orbital
occupancies f;’s of the d' electron inside the V sphere. More precisely, it was found that between
340 K and 585 K if f; stays nearly constant (it increases by 0.002 electrons) f, (f3) increases
(decreases) by 0.02 electrons. While the occupancy of the d;; (x>-y?) + eg bands does not vary
appreciably in temperature, an intra 7t* band charge transfer from the yz orbitals to the xz
orbitals occurs. As f; weakly decreases upon cooling it does not appear that the large decrease
of the cg parameter [34] stabilizes significantly the d;, levels. This finding is difficult to reconcile
with DMFT calculations predicting a sizeable variation of the d,; partial density of states with
cr [116]. More interestingly, the decrease of occupancy of the yz orbitals which, by their § overlap
do not contribute to the bonding in V-V dimers of M}, renders the electronic system more 1D
on approaching the MIT. Such an effect is predicted in the so-called “Peierls-assisted orbital
selection Mott instability” scenario of the MIT [115]. Consistently, the enhanced occupancy of
7t* orbitals in the R phase of thin VO, (001) films (following the stabilization of yz orbitals due to
the enhancement of V-0 apical distances—see Figure 10) could provide a suitable explanation of
the decrease of Ty under uniaxial strain [81].

5.3. Insulating phases

5.3.1. V-V dimer model of the M; phase

The rich aspect of the phase diagram of VO, is the presence of different M;, T and M,
insulating ground states with very close free energy (Figures 8 and 9). Among these features a key
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Figure 14. Energy levels of two electrons in the two-site Hubbard model with a hopping pa-
rameter 7 and an intra-atomic interaction U. The charge (singlet-singlet) and spin (singlet—
triplet) excitations of the dimer, A pd‘mer and Ao respectively, are shown (adapted from [38]).

observation is the finding of a Mott Hubbard localization of the d' electron in zig-zag V chains
of the M, structure. This induces uniform S = 1/2 antiferromagnetic (AF) Heisenberg chains
running along cg whose magnetism is detected both by magnetic susceptibility [38] and ESR [123]
measurements. Furthermore, the M, zig-zag chains continuously dimerize through the T phase
to transform into V-V pairs of the M; phase (see Section 2.3). These magnetic features show
that insulating M; VO, cannot be considered as a conventional band semi-conductor as implied
by Googenough’s model (Figure 12b). With these magnetic results, it was suggested by [38] that
the most realistic description of the M; electronic structure should start from a Heitler—-London
description of the electronic structure of V-V pair. The excitation spectrum of such a dimer is
shown in Figure 14. This description was completed later by cluster DMFT calculations using the
real M; structure [111]. Also, it was shown that the excitation spectrum of insulating M, simplifies
to an effective band structure description [118, 124], whose excitations are basically those of the
dimer excitation spectrum constructed on the eigenstates of the 2 electrons Hubbard molecule
of Figure 14.

Enhanced electron-electron interactions cause a spin-charge separation. This manifests in
the M; phase by the formation a gap of charge Ap substantially larger than the gap of spin Ao.
The formation of different charge and spin excitations gaps is already contained in the excitation
spectrum of the V dimer in the Heitler-London limit: Ap%™e’ and A in Figure 14. However, some
caution must be taken in the interpretation of the experimental data because in addition to dimer
excitation there are also excitation to additional 7t* levels. In particular the empty 7t* band is
separated by an energy gap of 0 E = 0.68 eV from the d?, filled levels which is significantly smaller
than Ap or Apdi™er (107,108, 125]. When U/t of the dimer increases the charge excitation gap
Apdimer drastically evolves from the Peierls gap 2A between the d?/ and dj\/B electron states to a
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gap of correlation of the order of U between the LHB and UHB. Apdi™, experimentally found at
~2.5eV [107,119,126], is comparable to the intra-site Coulomb repulsion energy, U. In this limit
the charge excitation spectrum should be nearly insensitive to the V shift change in the different
insulating phases of VO,. This is assessed by the observation of quite similar optical absorption
spectra in the My, T and M; phases [127].

From the thermal dependence of the 'V T; NMR relaxation rate in M;, an activation energy
corresponding to the spin gap or singlet-triplet energy of the V-V dimer, Ao = 0.24 eV, can be
deduced [128]. Ao is one order of magnitude less important than Ap4™e’ In contrast with the
gap of charge, the gap of spin, Ao, should crucially depend upon the V shift which progressively
dimerizes the S = 1/2 AF Heisenberg chains formed in Mj, as we shall see below.

5.3.2. Dimerization of the M, S = 1/2 AF Heisenberg chains and the M, spin-Peierls ground state

In order to analyze the effect of V shift on the magnetic properties of the different insulating
phases, let us generally describe the dimerized spin 1/2 AF Heisenberg chains by the 1D Hamil-
tonian:

H=2Y) (J1S2p-Sop+1+J2S2p+1-S2p+2) (15)
14

In (15), S; is the spin 1/2 operator on site i, J1 = Jy/a is the intra-dimer exchange interaction
and J» = J/+/a the inter-dimer exchange interaction. J is the exchange integral of the My uniform
Heisenberg chains. The amplitude of dimerization controls the J;/J, = a > 1 ratio of exchange
interactions. The 1D nature of magnetic excitations is justified by the observation that in the
M, (T) phase each zig-zag (weakly dimerized) chain is surrounded by 4 non-magnetic V paired
chains (Figure 3).

Because of the Heisenberg chain dimerization in T, the uniform spin susceptibility measured
in M, drops. This feature is characteristic of the M,-T phase transition [38]. While the absolute
value of the spin susceptibility in M allows to determine J, the relative drop of spin susceptibility
defines the spin gap Ao. The reduced quantity Ao/ J; is tabulated in the literature [129-131] as a
function of a. Figure 15a reports from magnetic measurements in V;_,Cr,O; for x = 1% [38] the
variation of the spin gap in the T phase. This quantity is plotted in function of the V sublattice
deformation parametrized by the EFG component V. of the V;-V; pair.

Figures 15 reports the spin gap (a), the J»/J; ratio (b) and J; (c) in the T phase. Another
determination of the spin gap at ambient temperature in the T phase of stressed VO, can be
obtained using the >V NMR linewidth broadening due to the short spin-lattice relaxation time
T, of the dimerized zig-zag V sites [20]. These finding, which are also plotted in Figure 15, extend
the V;_,Cr,O, results for T closer to the M; phase. By extrapolation of the data of Figure 15a to
the M; phase, where V,, = 125 KHz (see Table 1), one obtains a spin gap: Ac = 0.20 +0.02 eV
(2300 + 200 K). Ao is close to the activation energy, 0.24 eV, of the thermal dependence of T;
measured in the M; phase of VO, [128]. However, a recent resonant inelastic X-ray scattering
investigation has reported an excitation energy of 0.46 eV in this phase, which also has been
attributed to the spin gap [125]. Some caution must be exercised because the magnetic excitation
spectrum of dimerized or spin-Peierls (SP) systems is particularly subtle. In particular in the
(weak coupling) RPA approximation, SP systems exhibit two excitation gaps at Ao and 2Ao which
link respectively the singlet ground state to a dispersing magnon branch and a two magnon
continuum [132]. This two-gap structure has been detected by inelastic neutron scattering in
the inorganic SP system CuGeOj3 [133] and in the organic SP system (TMTTF),PFg [134]. In this
context it is possible that the spin gap of 0.46 eV in VO, could correspond to the excitation either
towards the minimum of the continuum of two magnons [132] or towards a two magnon bound
state of the dimerized chain [130].

C. R. Physique — 2021, 22,n° 1, 37-87



66 Jean-Paul Pouget

0401 (b)
2500- » V. _Cr0 X=1%
a il 1-X XT2
(a) s \ o stressed VO, T=205K
‘
< 2000 o 0,30 \
% » 0,254
5 1500 M "o
£ =~ 0,20 L
Q o n " : £
= > £; 0,15
10004 P * V4xCrxOz x=1% ’ S~
» stressed VO, T=295K 0,104 —
500 »
0,05+
0 T T . r - T - . 0,00 T T T T T T T 1
50 60 70 80 90 100 110 120 130 50 60 70 80 90 100 110 120 130
Vxx (KHz) Vxx (KHz)

1200

1000+

800 4

J1(°K)

600

V,,Cr,O

—10,
1 %2 x=1%

® stressed VO, T=295K

400

9\'1;)0( (1&&2) 1;0 150 1:‘50

Figure 15. Spin gap Ao (a), J»/J; ratio (b) and intra-dimer J; interaction (c) of the dimer-
ized Heisenberg chain, modelized by (15), in the T phase of stressed VO, (red points) and of
V1-xCry O3 for x = 1% (black squares). These quantities are plotted in function of the small-
est 'V EFG component Vy, of the V,-V; pairs. The correlation between Vy and V1-V; /Vo—
V; shortest distances in T is given in Figure 5a.

The extrapolation towards M; of other data shown in Figure 15 gives J; = 1250 K (Figure 15c)
and a = 13 (this inverse quantity is plotted in Figure 15b). The large a value means that, with
Jo ~ 100 K, V-V dimers are magnetically uncoupled in the M; phase. Consistently note that in
this limit one has Ao = 2(J1-J,). Also, with a J, value as small as 100 K, it appears that the dimers
should be decoupled by thermal fluctuations in the vicinity of Tyy1. Thus, the analysis of magnetic
properties in the M; phase of VO, using the isolated dimer limit is justified. This also justifies
the use of an effective one particle potential [118, 124] and corroborates the Hubbard V-V dimer
model of Figure 14.

The above analysis of magnetic measurements assumes that magnetic excitations remain
1D in all the insulating phases of VO,. There is however no experimental information on the
magnitude of the interchain exchange coupling J, . But note that in the M; phase the anisotropy
of exchange interaction J;/J,; should be greater than the J;/J, ratio (for which a = 13) because
the V distance between neighboring dimers is smaller in chain direction (3.18 A) than between
chain (~3.5 A) and the type of overlap of d,, orbitals changes from o to § respectively.

Figure 15a shows that the spin gap Ao in the M, phase is much larger than J in the M, phase.
Similarly, the intra-dimer exchange integral J; increases considerably by a factor 3 to 4 with
respect to J during the T phase transformation. These variations should be associated to large
variation of V-V intra-dimer distances (Figure 5a). Also, as J; and J» are sizably different of J,
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the progressive dimerization of M, Heisenberg chains inside the T phase cannot be analyzed
in the weak coupling limit. However, VO, with its 1st order M,-T transition is quite different
of “conventional” organic SP systems, such as TTF-CuBDT and MEM(TCNQ),, undergoing a
2nd order transition and, analyzed in the literature using a weak spin-lattice magnetoelastic
interaction [135, 136]. Nevertheless, contrary to the assertions of [136], VO, remains the first SP
system [38] clearly identified in the literature.

In VO,, using a combination of Figures 5a and 15a, one finds that Ao increases nearly linearly
when du = |dr—dy, | increases (in this expression d; is the difference of V,-V, distances between
dimerized Heisenberg chains in the T phase and zig-zag chains in the M, phase). From this linear
plot one obtains a slope g = 6(Ag)/du of 0.54 eV per A in VO,. This slope is 3 times larger than
g = 0.18 eV per A found in the inorganic SP system CuGeOs and of g = 0.14-0.22 eV per A for
organic SP systems [137]. As the reduced spin—-phonon coupling Asp entering in the theory of the
SP transition is proportional to g% [135,136], Asp of VO, should be one order of magnitude larger
than Agp of “conventional” SP systems [135,138]. The M to T SP transition should thus be treated
in the strong coupling limit. As conventional SP transitions, where Agp are smaller than 1, are of
second order nature, the large Agp value could explain the first order nature of the M,-T phase
transition of VO,. Finally note that the insulating M; phase has been previously analyzed in the
literature [139] in the intermediate to strong coupling SP limit.

It is expected that a magnetic field, H, should lift the degeneracy of the V-V triplet level by
Zeeman effect. As the spin gap Ao is quite large, it might be expected that a significant splitting
could not be observed with available laboratory magnetic fields. However, the recent finding via
optical means of a magnetic-field-induced insulator-metal transition in 6% W-doped VO, for an
ultrahigh magnetic field of 500 T is a surprising result [140]. In this case it is not obvious that
H should simply dissociate the M; V-V spin singlet by the Zeeman effect. The MIT mechanism
should be more complex because a certain number of V-V dimers are already broken in W
doped materials into V3* W% entities by charge transfer from the dopant to the V [57]. Such
a process is believed to be responsible of the large decrease of Ty [62]. In addition, doping
effect on the V-V insulating properties of VO, is certainly quite subtle because, in addition to
the creation of pairing defects in the SP ground state, doping induces a V doping process which
breaks the spin—charge decoupling by the creation of S = 1 V3* entities. Note that such defects
are different from the S = 1/2 charged decoupled solitons formed in SP disordered systems such
as doped CuGeOs [141, 142]. Finally remark that low-frequency collective spin excitations have
been recently detected in Raman spectra recorded in insulating phases of Mg doped VO, where
S = 0 V5* defects are created [143]. This mode has been identified as the breather (singlet spin
excitation) mode of the SP chain interrupted by spin defects. These recent examples show that
a systematic study of the influence of magnetic and charge defects on the physical properties
of doped VO, should open a future important field of research which should be of greatest
importance because of the use of doped VO, in the fabrication of devices.

6. Pre-transitional structural fluctuations in the metallic phase
6.1. Criticality

The R to M; structural transition is accompanied by the onset of superstructure Bragg reflections
at the reduced critical wave vector qg = (1/2,0, 1/2)g of the high temperature rutile Brillouin zone
(Section 4.1). The onset of superstructure reflections at the equivalent reduced wave vector qg’ =
(0,1/2,1/2) corresponds to the formation of another M; domain. These two critical wave vectors
are shown in Figure 16. Also the R to M; structural instability gives rise to a pre-transitional X-
ray diffuse scattering at qr and qg/ reciprocal positions whose intensity I(qg, T') behave critically
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Figure 16. Rutile Brillouin zone showing two R critical points linked by the RPR rod (in red).
This rod as well as the I'PM line (in green), also indicated in Figure 19a, are located in the
(111) layers in grey.

in function of the temperature [144]. More generally the diffuse scattering intensity I(q, T)
measures, in addition to the squared structure factor of the lattice deformation, the Fourier
transform S(q) = (Ju(q)|>) of the atomic (here the V) displacement-displacement correlation
function (u(r)u(r’)). In the classical approximation (i.e., high temperature limit) one has the
relationship:

(u(@®y o< kg T x(q) (16)

where in the right member of (16) y(q) is the real part of the generalized q susceptibility [145].
This susceptibility, associated to the order parameter of the structural transition (the amplitude
of V shift) at qg, u(qgr), should diverge at Tyg; (or below Ty for a 1st order phase transition). The
inverse of this quantity 1/ y (qr) which is proportional to T/I(qg, T) generally decreases linearly in
temperature, as expected from a Curie-Weiss dependence of y(qr), and vanishes at the structural
transition when this one is of 2nd order (because of the 1st order nature of MIT of VO, there is a
small shift of the vanishing temperature of 10 K below Ty in the data of [144]). This behaviour is
outlined Figure 17.
To finish two important remarks must be made:

* In conventional X-ray diffuse scattering experiment the scattered intensity is integrated
on all the energies, so the instantaneous correlation function S(q, ¢t = 0) is in fact mea-
sured [145]. Also, contrarily to what is generally stated in the literature, the critical de-
pendence of the diffuse scattering at structural transition does not bring any informa-
tion concerning the critical dynamics of the phase transition. In particular the detection
of a critical X-ray diffuse scattering is not the direct proof of the presence of a soft phonon
mode. This aspect will be further developed in part 3.

¢ In addition to the detection of a critical behavior of the diffuse scattering in qg, pre-
transitional fluctuations can extend beyond qgr on a large q range in reciprocal space.
Also, in many cases diffuse scattering method reveals anisotropic fluctuations in q [148].
Such fluctuations are those of a local order in real space whose, as stated previously,
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Figure 17. Thermal dependence of the squared frequency of the lowest frequency Ag
Raman mode measured in I" below Ty [96, 146] and of the squared frequency of the lowest
energy phonon measured in qr above Ty [147]. The thermal variation of this last quantity
should be compared with 1/yps(qr) (1/x(qr) in the text) obtained from the X-ray diffuse
scattering measurements of [144]. 1/ yps(qr) is expressed in arbitrary units.

dynamics is unknown. This local order announces the low temperature long range qg
order. Such a local order is due to structural correlations revealing a lattice instability.
This point will be developed in part 2.

6.2. Anisotropy

6.2.1. 1D structural correlations

Figure 18a presents an X-ray diffuse scattering pattern taken in the metallic phase of VO, at
345 K (T + 5 K). It is obtained in close proximity of a section of the reciprocal space including
the [110]gr and [001]y directions. This X-ray pattern reveals two sets of oblique diffuse lines
corresponding to the intersection of two families of {111} diffuse planes with the Ewald sphere
(the section by the two others types of {111} diffuse planes give rise to broad circles that one
can guess at large Bragg angles). A (111) reciprocal plane belonging to this family is drawn in the
rutile Brillouin zone of Figure 16. It contains the R and R’ critical points of the MIT. The observed
diffuse lines of Figure 18a are schematically represented in Figure 19a. These lines running along
the I'M direction, and its symmetry equivalent directions, do not contain the R point. It means
that pre-transitional diffuse scattering has a much larger q extension than the qg and qg critical
wave vectors previously considered in part 1.

The presence of (111) and (111) planar diffuse scattering implies the existence of decoupled
1D correlated atomic displacement along the interpenetrating [111]g and [1 11]g directions which
are located in the (110)r plane of the R structure shown in Figure 19b.

From the inspection of the experimental set of diffuse lines shown in Figure 18a, several
observations can be done:
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Figure 18. X-ray diffuse scattering pattern of VO, (a) and TiO» (b) in their rutile phase taken
respectively with nearly the same crystal orientation by J. P. Pouget and R. Comeés in the
1970-1975’s. The reciprocal space orientation, close to the one represented in Figure 19a, is
given in the figure. The different families of {111} diffuse lines are indicated by white arrows.
The (001) diffuse lines, trace of ferroelectric correlations along cg in TiO», are also indicated
by yellow arrows.

the presence of diffuse lines of continuous intensity means that the structure factor of the
structural correlations originates from a well-defined atomic species (here the V). There
is only an enhancement of intensity at the crossing point between different sets of diffuse
lines.

the absence of a diffuse line passing through the origin of the reciprocal lattice, together
with the increase of diffuse scattering intensity along successive lines of the same set,
imply a longitudinal shift of V in the [111]g direction perpendicular to each set of diffuse
lines (see Figure 1b).

as one diffuse line out of two is observed (Figure 19a), the atomic periodicity of the
correlated V shift is one half of the [111]g periodicity. Thus, the shift of the two V of the
rutile unit is in phase (Figure 19b).

From the width along [111]y of a given diffuse line one deduces that the V longitudinal
displacement is correlated on &;; = 12A in the [111]y direction at Ty + 5 K. This corre-
sponds to 4 first neighbor V distances.

The above analysis, based on unpublished X-ray diffuse scattering data obtained in the 1970-

1975’s, perfectly agrees with the analysis recently published by [147]. An X-ray diffuse scatter-
ing pattern, resembling the one of Figure 18a, showing the same families of {111} planar pre-
transitional diffuse sheets, and taken in the R phase of the 10% Nb solid solution of VO,, was
previously published by [31].

Then two important remarks must be done:

« Firstly, diffuse lines perpendicular to the cg direction expected from a Peierls/charge den-

sity wave or SP instability originating in the so-called quasi-1D d,,; sub-band structure of
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Figure 19. (a) Schematic representation of the two sets of diffuse lines observed on the
X-ray patterns of Figure 18, together with their extinction condition. (b) Decoupled 1D
longitudinal displacement of the V along the [111]g and [111]g rutile directions (in green
and red respectively). (c) Coupling between the two sets of 1D V displacement of figure (b)
giving rise to planar M;-type atomic correlations with the formation of zig-zag V chains
(green) and aligned V-V pairs (red). Steric repulsions between V pairing and V zig-zag are
schematically indicated by blue arrows.

the R phase are not observed. The occurrence of 1D 2 kg fluctuations related to those in-
stabilities is well documented in organic and inorganic systems [5].

¢ Secondly, the X-ray diffuse scattering pattern taken in the same orientation in rutile
TiO, at ambient temperature, and shown in Figure 18b, is nearly identical to the one of
VO, (Figure 18a). In particular, it exhibits the same kind of {111} set of diffuse sheets as
VO,. This finding was previously reported by [149]. However, the X-ray pattern of TiO,
shown in Figure 18b reveals also an additional set of (001) diffuse planes, never reported,
which corresponds to a Ti shift along the longitudinal cg direction and correlated on
4cp distances at 295 K. This diffuse scattering should be associated to an incipient
ferroelectric instability of TiO, previously quoted in the literature [150]. Importantly,
as TiO, is a d° band insulator, the diffuse scattering structured in {111} diffuse sheets
should reveal an incipient structural instability of the rutile backbone. In this respect it
is unlikely that the same type of (111)y correlated V displacements should correspond to
an instability of the d! electron gas of VO,.

Two additional observations support our analysis:
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+ EXAFS measurements reveal an anomalous increase of the Debye-Waller factors of
atomic pairs in the [111]g and symmetry equivalent directions in the R phase [151]. How-
ever, these findings require a more elaborated interpretation because if there are 1D cor-
related V displacements along [111]g, one expects, because of the 1D nature of the cor-
relations, an enhanced disorder between V along interchain directions such as [1 11]g in
Figure 19b.

« It has been established that characteristic spectral changes at the MIT of VO, films are
observed down to a film thickness of 15 A along cg, and that smallest VO, films of less than
10 A exhibit an insulating behavior without being V-V dimerized [152]. This finding could
be related to the existence of the minimal correlation length of &;;, =~ 12 A along [111]
necessary to establish a local 1D structural order from which, by interchain coupling, the
M, V-V paired phase should nucleate (see next part).

Finally, note that the two X-ray patterns shown in Figure 18 reveal an additional feature. The set
of {111} diffuse lines is slightly deformed at their crossing points, giving rise, especially for TiO,, to
a hexagonal shaped diffuse scattering. The precise origin of such a shaped diffuse scattering is not
known. It could be caused by frustrated inter-chain interactions modifying the Fourier transform
of the V displacement-displacement correlation function (u(r)u(r’)). Frustration could originate
from the fact that in a [110]g plane each V is linked to six first V neighbors forming a deformed
hexagon.

6.2.2. 2D structural correlations

Coupling between V longitudinal positional fluctuations located on a lattice of interpenetrat-
ing chains, such as [111]g and [111]g chains shown in Figure 19b, should establish a phase re-
lation between the V displacements at the crossing points of the two sets of chains. A phase
shift between the different modulation waves which minimizes the interchain steric interactions
is obtained for an out of phase V longitudinal displacement between first neighboring parallel
chains. When superimposed with the V displacement pattern on the other equivalent set of par-
allel chains, one obtains the (110)g planar V correlations of My type which is shown in Figure 19c.
These V shift correlations define two sets of inequivalent chains running along cg: zig-zag chains
(in green in Figure 19c¢) located in between V-V paired chains (in red in Figure 19c). Note also that
in Figure 19c the out of phase correlated zig-zag V displacement between first neighbor zig-zag
chains along [110]g should modulate O-O octahedral distances in such a way that, in between the
zig-zag chains, cg chains of V-V pairs are localized in adjacent octahedra linked by the longest O—
O edge. This is certainly V interactions via O displacements (i.e., octahedral deformation) which
are at the origin of the interchain steric interactions outlined in blue in Figure 19c. The 3D lat-
tice displacement pattern involved in the 7; order parameter (Figure 4) is built with these planar
steric correlations. Note that, similarly, the coupling between the two other directions of V dis-
placement gives (110)g planar correlations of M, type involved in the 13 order parameter (Fig-
ure 4).

These 2D structural correlations should manifest by the presence of diffuse rods which should
be located at the intersection of the (111) and (111) diffuse sheets. These diffuse rods (in red in
Figure 16) join the R points of the Brillouin zone. Diffuse rods should intersect the I'M diffuse
scattering lines shown in Figure 18a at the P point (Figures 16 and 19a). Such a pattern of diffuse
rods is not detected at Ty + 5 K (Figure 18a). However, they are quite well observed in the
insulating phase of Vi_yNb,O, for x = 0.1 [31] where they reveal the presence of a local M,
order nucleated by the Nb disorder (see Section 3.1.1). Pre-transitional diffuse rods are detected
in VO3 in the diffractometry study of [144] only at Ty +3 K. These results mean that 2D structural
correlations appears only few K above Tyy. In addition, critical fluctuations have been detected
only in a 1 K temperature range above Ty by the attenuation of longitudinal sound waves
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coupled with the critical dynamics of the primary order parameter [153]. The critical exponent
deduced from the thermal dependence of the attenuation can be accounted by the Landau theory
of critical attenuation of an overdamped phonon with a 2D (rod-like?) dispersion in q space.

To summarize note that the critical scattering followed up to 400 K by [144] should be due
to 1D structural fluctuations previously analyzed. The Curie Weiss behavior of the generalized
susceptibility (Figure 17) reveals Gaussian fluctuations of the amplitude of the order parameter
[5]. 2D structural fluctuations are detected only few K above Tyy. The intersection between
different sets of [110] and [110] diffuse rods occur at the R and R’ critical points. Thus, coupling
between these 2D fluctuations should drive a 3D local order, precursor of the M; structural
distortion. However, the critical regime of 3D fluctuations, which has not yet been reported,
should be either extremely close to Ty, or even hidden by the 1st order nature of the MIT.

According to the observation of high temperature structural chain-like correlations, we con-
sider that the minimal ionic model allowing to analyze the structural instability of VO, should
be 1D. This statement differs from a recent proposal of [154] considering that the minimal ionic
Hamiltonian, which should involve strongest interactions between M, type of atomic displace-
ments in either (110)g or (110)g planes represented in Figure 4, should be 2D. Interestingly, this
last work evokes the possibility of frustrated interactions between shifted V, which could be rele-
vant for a deeper analysis of the X-ray diffuse scattering.

6.3. Lattice dynamics at the MIT

A general question related to structural transition concerns the possible existence of a critical
phonon whose frequency softens on approaching the critical temperature T¢ inside the high
temperature phase. More precisely in the mean field scenario of a structural transition the square
of the critical phonon frequency should vanishes proportionally to (T-7¢) as does 1/ y(q) for the
critical wave vector [145]. Such a behavior is predicted in the weak coupling scenario of the Peierls
transition [5] and experimentally verified in the case of the blue bronze, which is a typical Peierls
system. In this compound it is observed the formation of a so-called 2kr Kohn anomaly in the
phonon spectrum [155, 156]. In the case of VO,, the presence of a large incoherent nuclear cross
section of the V renders phonon dispersion measurements not feasible using inelastic neutron
scattering methods. Thus, speculations concerning the eventual presence of a qg soft phonon
which could drive the structural instability at the MIT of VO, came from first phonon spectrum
calculations [157, 158].

Recently the situation has radically changed with the possibility to perform inelastic X-ray
scattering measurements using synchrotron radiation. Recent measurements performed by [147]
do not corroborate the scenario of a critical phonon frequency softening at the MIT of VO,. The
phonon of lowest frequency has an energy of Q(qgr) = 13 meV at 810 K in the R phase. In addition,
this frequency decreases only by 15% in a T range of 455 K on approaching Ty and does not
extrapolate at zero at finite temperature.

Q(qr) measured in the metallic rutile phase has a frequency, ~13 meV, smaller than the
frequency of the Raman active modes measured in the insulating M; phase [146,159-163]. Among
these Raman modes, the lowest energy mode, wag(I') = 18 meV, exhibits an anomalous thermal
variation. Its frequency softens only by 12%, but its damping increase sizably on approaching T
from below [96, 146]. This Raman response has an asymmetric shape with a Fano anti-resonance
characteristic of the interaction of a phonon mode with a continuum of electron [163].

The “critical” wag(I') Raman mode measured in M; should correspond to Q(qgr) measured in
the R phase. Figure 17 compares the thermal variation of the squared wag(I’ )2 Raman frequency
with the squared Q(qr)? phonon frequency. None of these thermal dependencies is critical at
T (the critical behavior related to the development of a soft mode should lead to the vanishing
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at T, = Ty of these squared frequencies). Thus, the structural critical dynamics of the MIT of
VO, does not follow the conventional displacive scenario implying the critical softening of a
phonon mode as found for the Peierls transition in the blue bronze [155, 164]. Only 1/ yps(qgr)
obtained from the X-ray diffuse scattering investigation and which integrates all the fluctuations
in energy in the R phase behaves critically at Tyj;. Thus, the critical dynamics of VO, should be
more likely of the relaxational type, with the critical narrowing of a damped response centered at
zero energy. In that case, the critical response is that of fluctuating local V clusters exhibiting the
M; local structure and whose inverse lifetime corresponds to the energy damping of the quasi-
static response. However, such a quasi-elastic critical response has not yet been measured in
VO,. But quasi-elastic 2D critical fluctuations (having the anisotropy of diffuse rods extending
along the RPR reciprocal direction of the rutile Brillouin zone) have been measured by neutron
scattering in the metallic rutile phase of the parent NbO, compound on approaching its MIT
occurring at Ty = 1080 K [165]. Note here that the critical wave vector of the MIT of NbO; is the
P point of the Brillouin zone (see Figure 16) and not R as for VO,.

The phonon spectrum of metallic VO, resembles that measured and calculated in insulating
rutile TiO» [150]. The TiO, phonon spectrum exhibits low frequency modes at the M and R points
of the Brillouin zone. The mode of lowest frequency at the M point is issued from a mixture
between acoustic and optical phonon branches of the same X; symmetry. In TiO,, the frequency
of the optical branch drastically drops in the X direction from I (where it has the I'; symmetry) to
M [150]. A similar coupling between acoustic and optic branches occurs in VO;, and the drastic
frequency drop of this optical phonon branch along X appears be characteristic of the rutile
structure [157]. Note that the M point which terminates the X line belongs to the {111} diffuse
planes (see Figure 16). Also, the I'R line of low frequency phonon in VO, belongs to these diffuse
planes.

The lowest frequency phonon branch measured in metallic VO, is significantly damped,
especially along the R—~A-M direction [147]. Heavily damped zone center phonon modes are also
found by Raman scattering in the R phase [159, 161, 163]. There, it has been suggested [163] that
the broad Raman response of metallic VO, can be accounted by scattering process in strongly
correlated materials. Also, phonon calculation which compares favorably with experimental
results requires the inclusion of anharmonic effects [147, 166]. Differently, phonon spectrum
calculation performed in the harmonic approximation gives, depending of the model, negative
phonon frequencies (and thus an unstable lattice for these modulation wave vectors) in different
points of the Brillouin zone [147,158]. It is thus possible that the anharmonicity introduced in the
calculation could mimic the propagation of phonons in a structure already including local quasi-
static clusters of [111]r chains of correlated shifted V. A somewhat similar model have been used
to analyze the anomalously broadened Raman phonon spectra of VO, [161].

In conclusion it appears that phonon anharmonicity and order—disorder type of critical dy-
namics, leading to clustering of locally shifted V in the metallic phase, are intimately related. Both
features, associated with a strong electron—phonon coupling (see Section 7.2), could be taken as
responsible for the non-development of a critical Kohn anomaly in the phonon spectrum.

6.4. Chain-like order—disorder lattice instability

6.4.1. Generality and disorder amplitude

X-ray diffuse scattering investigations reveal the presence in a large temperature range above
Twmr of 1D interpenetrating lattices of quasi-static correlated longitudinal V displacements in
[111]g and symmetry equivalent directions (Figure 19b). Figure 1b isolates a [111]r direction of
V displacement in the rutile structure. It reveals that V shifts towards triangular octahedral faces
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forming the ABAB type of compact packing of oxygen hexagonal layers in the rutile structure. This
feature, which is also revealed by the X-ray diffuse scattering investigation of the rutile insulator
TiO, (Figure 18b) could be a generic instability of the rutile structure. More generally, chain-like
correlated atomic displacements are frequently observed in several classes of inorganic crystals
[149]. In part b, below, we shall consider in detail the case of ferroelectric perovskites.

Analysis of the V Debye-Waller factor in the R metallic structure of VO, [34] found a quasi-
isotropic root mean square (rms) V displacement of ~0.1 A along each proper directions of the
thermal ellipsoid. The magnitude of this rms displacement is comparable with V shift from the
center of octahedra in the M; superstructure (see part 2.2). This provides an estimation of the
magnitude of the quasi-static V shift disorder present in metallic VO,. Electron scattering by this
important quasi-static V disorder could efficiently contributes at the very short electron mean
free path deduced by conductivity and optical measurements in metallic VO, [120, 121].

6.4.2. Analogy with ferroelectric perovskites

The X-ray diffuse scattering investigation of metallic VO, (see Section 6.2.1) reveals pre-
transitional fluctuations consisting in uncoupled linear correlated V shifts away from the center
of O octahedra, along the 4fold symmetry related diagonal (1,1, 1)y directions of the rutile struc-
ture. Furthermore, the rutile diffuse scattering pattern shown in Figure 18, resembles the ones ob-
served in BaTiOs and KNbQj ferroelectric perovskites [149,167]. These perovskites exhibit in their
cubic (paraelectric) phase a set of {111} diffuse planes. This diffuse scattering is interpreted as due
to pre-transitional uncoupled interpenetrating Ba/Nb linear displacements along the (1,1,1) cu-
bic directions. In ferroelectric perovskites, each 1D correlated Ba/Nb displacement induce a local
polarization whose presence is at the origin of order-disorder models of ferroelectricity. In this
case there are 8 site positions available for an off-center Ba/Nb displacement. This gives rise to
the so-called “8-sites” order—disorder model of the literature [168]. There is however since several
decades a controversy concerning the order—disorder or displacive origin of the critical dynamics
of ferroelectric phase transitions in perovskites. However, the most recent investigations seem to
comfort the “8-sites” model (see for example [169]).

6.4.3. A possible order-disorder model

The analogy with perovskite means that order—disorder type of 1D (1,1, 1) pre-transitional
fluctuations in metallic VO, could be analyzed by a similar “8-sites” model. In such a model there
are 8 possible shifts for each V (each shift from the site i being labelled by a generalized Ising
variable o; with 8 components). In such a model V experiences an eightfold-well local potential
sustaining an order—disorder type of dynamics. The microscopic justification of such a model
could rely on the presence of a strong electron-phonon coupling (see Section 7.2). Note that a
somewhat related “4-corner-sites” + “4-center-sites” model has been recently used to analyze
V...V ionic coupling in the R phase of VO, [154]. In this analysis based on the presence of 2D
M,-type of V correlation (as shown in Figure 4) it is essential to separate center and corner V sites
in the R structure, at the difference of (1,1,1)r 1D type of V correlation where such a distinction
is not essential.

7. Structural contributions at the MIT of VO,
7.1. Incipient structural instability

The MIT transition is preceded by an important thermal regime of (1,1,1)g 1D fluctuations in
direct space revealed by the onset of {111} diffuse sheets in reciprocal space (part 6.2a). Also,
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fluctuations of the 4-component order parameter are probably the cause of the 1st order nature
of the MIT (see Section 4.3).

Such fluctuations, also observed in insulating TiO», are probably caused by an incipient insta-
bility of the rutile structure. Also, these anisotropic fluctuations cannot be related to a possible
anisotropy of the electron-gas or to an eventual nesting process of the FS of VO, as it should
be expected for a Peierls or CDW/BOW instability. In this framework, it is interesting to remark
that in low dimensional metallic oxides and bronzes, such as the blue bronze Ky 3sMoOs3 [156,170]
or the monophosphate tungsten bronzes (PO»)4(WO3)2m [171], the stabilization of a “2kp” Peierls
ground state uses also an incipient ferroelectric (case of the blue bronze) or antiferroelectric (case
of the monophosphate tungsten bronze) instability of the oxide backbone. However, in these ma-
terials the Peierls transition is caused by an electron-hole electronic instability which uses the
lattice ferroelectric/antiferroelectric incipient instability to be stabilized (i.e., the enhancement
of the electron—phonon coupling due to the low frequency of these incipient phonon modes).
This differs from VO, where, in spite of the fact that the underlying structural instability of the
rutile structure seems to play a crucial role in the MIT through the stabilization of a M,-type of
order, the nature of its coupling to electronic degrees of freedom is not clear. Below, in Section 4
below, we shall propose a possible mechanism.

7.2. Strong electron—phonon coupling?

The MIT of VO, opens a quite large gap in the charge degrees of freedom accompanied by a
sizeable V shift by about 0.2 A, which forms V**-V** pairs. From this feature the presence of
a large electron—phonon coupling (EPC) together with possible polaronic effects (see below) is
expected. A large EPC is assessed by the detection of very broad phonon responses in Raman
investigation of metallic VO, [159, 161, 163]. Although these features were noticed in the earlier
time, there are only few theoretical treatments including the EPC on the same footing as electron—
electron interactions in VO,. Among them, except an earlier treatment by [172], only a recent
theory combines DMFT with the adiabatic Born-Oppenheimer approximation [173]. This model
includes electronic correlations, the multiorbital character of the electronic structure, and the
two components of the antiferro-distortive mode (u, and u, defined in part 5.1). The model
however separated u, and u, distortions. This assumption seems to be unrealistic because there
is no possible decoupling between u, and u, components allowing obtaining the degenerated
1 order parameter (see Figure 4). Also, this model ignores that 1D pre-transitional fluctuations
are not simply those of u, and u_, but a combination of these two components along the 4-
equivalent [111]g directions. In addition, the theory assumes the adiabatic approximation.

An essential finding concerns the observation of order-disorder or relaxational dynamics for
the structural counterpart of the MIT of VO,, whose local order can be modeled by a “8-site”
generalized Ising variable as for the ferroelectric perovskites (see Section 6.4.2). For a Peierls chain
order—disorder or relaxational dynamics could be due to a strong electron-phonon coupling or
to a non-adiabatic dynamic [5]. Note that an order disorder type of dynamics has been recently
found in the Peierls system BaVS3 [174]. The presence of a strong EPC is suggested by the
detection of V displacement as large as 0.2 A in the insulating phases. Various models of structural
instability in metals undergoing a strong EPC are quite similar. As proposed by [175], the strong
EPC can result via a polaronic capture mechanism between electrons and ions experiencing
a double-well potential. In this model, applied to A15 superconductors, the local anharmonic
potential is obtained via an interaction of electrons with a non-dispersive optical mode (Einstein
mode). Here, the ion position between the two minima of a site i potential is described by an
Ising variable o;. Then the ordering of ions in a lattice of double-well potential sites leads to a
modulated electronic density. In this model there is similarity between the strong EPC limit of
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the Peierls instability and the Jahn-Teller effect. Similar features are obtained in strongly EPC
chain models developed by Aubry and coworkers (see for example [176]). In the model of [177],
aiming to describe the CDW instability of metal dichalcogenides, an arbitrary ionic movement is
analyzed and different contributions to the local elastic potential are explicitly evaluated. Strong
EPC results in trapping the electron-cloud in the vicinity of an ionic site, leading to the creation of
a double-well potential on each site i whose occupancy is specified by the Ising variable ;. Note
that in this model the inter-site coupling between the o;’s is due to the Ruderman-Kittel-Kasuya—
Yosida (RKKY) interaction between the pseudo-spins which oscillates with the 2kr momentum.

7.3. Origin of the transition entropy

Since the earlier studies of VO, has been a long-standing debate concerning the relative fraction
of electronic and lattice component of the large entropy gain of 1.5kg per VO, at the MIT.
In these works, it was explicitly assumed that the dominant fraction at the transition entropy
reveals the driving force of the transition. Various experimental and theoretical estimations can
be found in Table I of [178]. In most of the determinations the phonon entropy is found to be
dominant. However, the most recent experimental determinations remain controversial. In the
work of [147], the variation of phonon entropy, ASP", at the R-M; transition is estimated at
68% of transition entropy while the work of [179], using the variation of Seebeck coefficients
between R and M, the variation of electronic entropy, ASeleC s estimated at 65% of transition
entropy. The addition of these two determinations is 30% larger the experimental transition
entropy.

These determinations however ignore the contribution of lattice fluctuations at the transition
entropy which can be estimated from the X-ray diffuse scattering investigation in the R phase.
Using a previous analysis performed in ferroelectric perovskites exhibiting similar sets of {111}
diffuse sheets corresponding to correlated atomic displacements (on ¢) along (1,1,1) cubic
directions [180], the lattice fluctuation entropy can be simply estimated. In the “8-sites” model
there are 23 possible shifts for the V. The entropy due to V disorder is thus:

§%/ kg = 31In2. 17)
With correlated V displacements on 4 sites (¢, = 12 A) one obtains:
suet/ kg = (3/4)In2. (18)

As O displacements are certainly correlated with V displacement, one gets Ut = 0.52kg per
VO,. This quantity is 1/3 of the total entropy of transition. Note that this value is two times smaller
than the change of phonon entropy ASP" estimated by [147]. St and ASP? have different origin:
sfluct js due to the order—disorder nature of pre-transitional fluctuations, while ASP" corresponds
to the change of phonon spectra at Tyy;. Finally note that STt + AS€l€¢ nicely amounts to the total
entropy of transition of 1.5kg per VO,.

7.4. What is really the mechanism of the MIT of VO, ?

It is difficult to give a simple explanation of the MIT of VO, because there is no obvious continuity
between metallic (R) and insulating (M) phases, due to the 1st order character of the transition.
The absence of continuity is revealed by the fact that the electronic system in the rutile phase
is multi-orbital and quasi-isotropic while the one of M; has a pronounced 1D character. As a
consequence, there is a sizeable orbital charge transfer at the MIT. The metallic electron gas
is described as moderately correlated, while electrons are localized in chains of V**-V** pairs

C. R. Physique — 2021, 22, n° 1, 37-87



78 Jean-Paul Pouget

in M;. There is also in this phase a sizeable spin—charge decoupling on the d,, electronic sub-
system so that the ground state can be described by a collection of magnetic singlet whose
lower energy excitations, ~0.24 eV, those to the triplet state of the dimer, are one order of
magnitude smaller than the gap of charge of the dimer of 2.8 eV which is comparable to U.
In this respect the M; insulating ground state resembles more likely to the one of a spin-
Peierls chain (exhibiting, as seen in Section 5.3.2, 1D magnetic excitations) with however the
complication that the lowest charge excitation energy of 0.68 eV is the one towards 7t* levels of
different anisotropy and orbital symmetry than those, d;;, constituting the spin-Peierls system.
Note that this confers a 3D degree of charge delocalization at the charge excitations, at the
difference of the magnetic ones. Nevertheless, the important point is that there is an enhanced
effect of electron-electron correlations at the MIT due to the reduction of dimensionality of the
electron gas.

The mechanism of the MIT is variously described in the literature as Peierls, correlated Peierls
or Mott—-Hubbard type. These general concepts are only relevant to some salient features of the
physics of VO,, but not to the general specificity of the MIT. In our opinion the originality of
the MIT of VO is the change of electronic dimension from 3D to 1D which is not included in
these general concepts. The Peierls transition occurs in quasi-1D electronic systems, while Mott—
Hubbard localization occurs whatever the dimension of the electron gas. V-V pairing is typical of
1D physics while the spin—-charge separation phenomenon, generally drives, in systems of higher
electronic dimension, via a Mott-Hubbard transition, an antiferromagnetic ground state, as ob-
served in V,03 [7]. Very few systems undergo a MIT associated with a change of electronic di-
mension. To our knowledge there is another example among the 2D quarter filled organic con-
ductor (BEDT-TTF),X series in which BEDT-TTF is bis-ethylenedithio-tetrathiafulvalene and X is
a monovalent anion; for an introduction see [181]. Among them, 8-(BEDT-TTF)»X 2D conduct-
ing salts with X = RbZn(CN)4 or RbCo(CN)4 undergoes a first order MIT at 200 K where, because
of the shift of the BEDT-TTF due to the ordering of its terminal ethylene groups, the dimension
of the electronic gas abruptly change from 2D to 1D [182]. Enhanced electron-electron correla-
tions in reduced dimension thus drive a Mott-Hubbard charge localization of one hole per two
BEDT-TTE which stabilizes a charge ordered ground state below 200 K. Spin—charge decoupling
in 1D systems induces the formation of spin 1/2 Heisenberg chains undergoing a spin-Peierls
transition at ~25 K.

Another essential interaction in the physics of VO, is the EPC. It should be strong due to the
presence of V shift of large amplitude in the insulating phases of VO,. Such an interaction is
essential in 1D systems to achieve a Peierls or a spin-Peierls ground state [5,136]. The presence of
a strong EPC is assessed by Raman studies. Also, such a strong EPC could be taken as responsible
of the absence of a phonon anomaly pre-transitional at the MIT.

The change of electronic dimension which favors electron localization phenomena responds,
to the opinion of the author, at a structural instability inherent to the TiO,-type rutile structure.
This inherent instability is responsible of pre-transitional fluctuations consisting of correlated
V 1D displacement along (1,1,1)r and symmetry equivalent directions on a large temperature
range above Ty;. However, the MIT process appears to be really engaged only few K above Ty
when V displacements along different crossing chains are correlated in order to form a M type
of fluctuating 2D local order (Figure 19c). There, because of electron—electron repulsion a dl
electron localizes on each V site of the uniform zig-zag chains. Also, because of steric interactions
between V via the oxygen, Peierls or spin-Peierls V-V pairs of d' electrons are formed in between
the zig-zag chains. Thus, one has half of the V sites are in the Mott-Hubbard ground state and
the other half are in a singlet Peierls or spin-Peierls ground state. The formation of fluctuating
insulating 2D M clusters could be at the origin of the formation of a pseudo-gap ~1 K above Ty
[102]. The presence of a M;-type instability inherent to pure VO, very close to Ty is consistent
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with the stabilization of the M, phase in modestly stressed VO, [77] and in strained VO, films
[78,79].

A specific aspect of the MIT of VO, is that the 3D interlayer local coupling stabilizing the M;
3D order is not detected few K above Tyy. This offers the possibility for ultrafast spectroscopy
experiments to bypass the MIT process by stabilizing metastable phases (see below). Also, the
slow (relaxational) dynamics of the MIT, which manifests by a small energy response whose
energy width can be estimated between ~4 meV in BaVS3 [174] and half a meV in NbO, [165],
should be an important temporal parameter of control of the MIT. With these considerations,
VO, could be an excellent system for ultrafast spectroscopy investigations.

Ultrafast spectroscopy investigations have been recently reviewed by [183]. Thus, we sum-
marize below only very salient results. Time-resolved synchrotron X-ray diffraction microscopy
shows that the structural phase transformation in photo-excited VO, films is inhomogeneous
on sub-micrometer length and sub-nanosecond time scales [184]. Inhomogeneity could result
from nucleation of photoinduced nanometric metallic domains through the MIT [185]. Ultrafast
spectroscopy provides evidence of a structural bottleneck timescale of 80 fs which corresponds to
an energy cut off of the order of 10 meV [186]. Thus, it appears that the probe of coherent phonon
modes whose energy is above this cut off limits the investigation of the MIT process [187]. Inter-
estingly, pump-probe experiments on VO, films reveal the presence of nonequilibrium or non-
thermodynamic transitory monoclinic metallic states between M; and R [188-190], which could
resemble those observed by static measurements in thin films (see Section 4.2.3).

8. Concluding remarks

We have performed an exhaustive review of the physical properties of VO, putting in close
relationship structural, electronic and magnetic investigations of this material and its alloys.
After more than half a century of controversy on the nature of the MIT of VO,, it appears now
that electron—electron interactions play a decisive role and that the Peierls mechanism in a non-
interacting electron gas, as originally formulated by Goodenough, is not sufficient to account
the MIT. More elaborated scenarios have been proposed along this review. In particular the
existence of an incipient structural instability triggering a change of electronic/orbital dimension
are specific ingredient at the MIT of VO,.

Superconductivity has not yet been reported in VO, [60]. However, it is interesting to remark
that a superconducting dome extending up to 3 K inside an insulating phase, described as
a “bipolaronic insulator”, has been recently reported in epitaxial films of Ti4O; [191]. TizO7,
exhibiting pairing of Ti together with a subtle interplay between electron-electron and electron—
phonon couplings [7], bears some similarities with VO,. In TisO7 superconductivity occurs when
the bipolaronic insulator is destroyed by charge doping. Thus, in this respect, it should be
interesting to study more precisely the influence of charge injection on the physical properties
of M;VO,, particularly at its phase boundary.

In spite of recent progress, many points remain to be clarified for the future. Among them
important questions raised by this review concern:

* The role of substituents in the modification of the phase diagram of pure VO, (see
Figure 6).

» The influence of charge and magnetic defects in the physical properties of VO, and its
solid solutions.

¢ The phase diagram of VO, and its alloys under high pressure and high magnetic field.

» The influence of electron—-phonon coupling, polaronic effects in the physics of VO, and
its interplay with electron-electron correlations.

o Abetter characterization of the order—disorder dynamics in the mechanism of the MIT.
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o The characterization of non-thermodynamic excited states during the 1st order MIT
process.

« The role of structural disorder, of ferro-elasticity and of the formation of domain pattern
for a better control of the MIT, particularly in strained films and derived devices.

Some general questions are not really specific to VO, since a wide class of correlated electronic
systems undergo a MIT characterized by a strong interplay between charge, orbital and spin
degrees of freedom subtly coupled to lattice degrees of freedom.

The mechanism of the MIT of VO, is quite complex, however we believe that it can be under-
stood using in an appropriate manner physical concepts already established in the literature. In
the opinion of the author, this transition seems to be quite unique among the other examples
of MIT. This means that one can expect quite original applications of the physical and chemical
properties of VO, to the design of various devices. A lot of performed world research is already
focused on these developments. Future directions of research concerning potential applications
of VO, are not explicitly mentioned in this review, but they were recently covered in the reviews
of [27-30]. Also, understanding of physical and chemical processes involved in these applications
should open new fundamental questions in material science.
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