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Abstract. The magnetic response in V203 has been investigated using polarised neutron scattering with
polarisation analysis. Measurements were carried out at three temperatures corresponding to the antiferro-
magnetic insulating ground state, the metallic phase and the high temperature metallic phase. At the first
order metal insulator transition there is a dramatic change in the magnetic response with the metallic and
high temperature metallic phases being characterised by ferromagnetic spatial correlations of the paramag-
netic response. The establishment of ferromagnetic correlations at the metal insulator transition accounts
for the abrupt jump in the uniform susceptibility. It is proposed that the differentiation of the V-V dis-
tances across the edges of VOg octahedra is of critical importance for the change in electronic conductivity
but also for the establishment of the spatial correlations. The gradual high temperature evolution of the
conductivity then occurs by the reduction in the vanadium d overlap brought about by thermal expansion.
The first order reduction in atomic volume which occurs on the establishment of the metallic phase results
from an instability of the vanadium local moment arising from the change in electronic structure.

PACS. 71.30.+h Metal insulator transitions and other electronic transitions — 75.25.4+z Spin arrangements
in magnetically ordered materials (including neutron and spin-polarized electron studies, synchrotron-

source X-ray scattering, etc.)

1 Introduction

Materials exhibiting metal-insulator (Mott) transitions
have received considerable attention ever since Mott sug-
gested the possibility of this many body phenomenon [1].
The materials most extensively studied are various vana-
dium oxides [2], in particular vanadium sesquioxide V203
and its alloys with chromium [3]. Below 155 K V303 is
an insulating antiferromagnet. Near 155 K a sharp phase
transition to a metallic state [4] without long range mag-
netic order [5] takes place and around 550 K the mate-
rial gradually transforms back to an insulating phase [3].
The high temperature transition can be transformed to an
abrupt phase transition by doping with Cr [6]. The insula-
tor to metal transition, which occurs at low temperature
in stoichiometric V03, is accompanied by a monoclinic
distortion of the trigonal (corundum) structure [5,6]. In
spite of considerable experimental and theoretical effort
the precise mechanisms giving rise to these phase transi-
tions remain unclear. Broken symmetries invoking mag-
netic and excitonic order parameters, electron-electron
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coupling, Peierls transition, charge density waves, strong
correlation effects leading to an almost degenerate Fermi
liquid and various combinations of these possibilities have
been invoked to account for the observed physical prop-
erties. According to Mott [7] “there are almost as many
theories for this material as there are theorists who have
discussed it”.

Preliminary polarised neutron scattering experi-
ments [8] indicated that the metallic phase differs dramat-
ically from the low temperature antiferromagnetic phase
not only in its electrical properties but also magnetically.
The loss of long range antiferromagnetic order does not
seem to be caused by the disordering of well defined lo-
cal moments but instead is due to a substantial change
in electronic structure. The paramagnetic scattering ob-
served at large wave vectors (Q, appeared too small to be
compatible with disordered local moments. Furthermore
the observed paramagnetic intensity at large @ was very
much lower than the ¢Q = 0 value given by the uniform sus-
ceptibility. The polarised neutron spectrometer employed
did not permit an investigation of the small wave vector
response. These observations indicate a strong similarity
of the metallic phase in V503 to itinerant ferromagnets
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above the Curie temperature [9]. In these systems mag-
netic fluctuations of strong intensity are observed only
for small wave vectors and decrease rapidly with increas-
ing @ indicating strong short-range ferromagnetic correla-
tions. Similar dramatic changes in magnetic correlations
in a transition from antiferromagnetic insulator to non-
magnetic metal have been reported in another vanadium
oxide V50g [10]. Strong changes in the finite energy exci-
tation spectra in VoOj itself were recently reported [11].
On the basis of these results it was proposed that the
transition into the antiferromagnetic insulating phase oc-
curred as a result of orbital ordering. The orbital-spin cou-
pling is a non-relativistic effect arising when the superex-
change interactions involving partly occupied degenerate
orbitals lead to strong coupling between orbital and spin
structures. Presented here are the results of a detailed
polarised neutron and polarisation analysis investigation
of the magnetic fluctuations in V2O3. Whilst polarised
neutron scattering enables an unambiguous measurement
of the paramagnetic response, including the wave vector
and frequency dependence it is the absolute magnitude
which provides a stringent test of theory. The measure-
ments have been carried out in all three phases namely
in the insulating region at 120 K, in the metallic phase
at 300 K and finally at 600 K in the high temperature
metallic phase.

2 Properties of V,0;3

At room temperature V203 is a reasonably good metal
with resistivity of the order 1072 Qcm. When the temper-
ature is decreased below ~ 155 K the compound undergoes
a first order phase transition from a metallic to an insu-
lating state, accompanied by an increase in resistivity of
~ seven orders of magnitude [4]. Associated with the tran-
sition which exhibits an hysteresis of 10-12 K, is a change
in crystal structure [6] from the corundum structure with
space group R3c to a monoclinic phase with space group
I2/a, (a non conventional space group setting of C2/c).
A volume expansion of 3.5% occurs on cooling through
the transition [12]. In the low temperature phase the sys-
tem orders antiferromagnetically with the V moments cou-
pled ferromagnetically in the monoclinic (010) layers, orig-
inating from the (110) hexagonal planes, with adjacent
planes coupled antiferromagnetically [5]. Thus the mono-
clinic distortion in the low temperature phase is believed
to be magnetostrictive in origin. There are four and six
vanadium atoms in the monoclinic and the rhombohedral
cell respectively, with each vanadium atom contributing
two 3d electrons. For trigonal symmetry the five orbital
d functions split into an a; function and two doubly de-
generate ey functions. The antiferromagnetically ordered
moment per vanadium atom was determined to be 1.2up,
much less than the 2up expected for two 3d electrons on
V3+ and has been attributed [13,14] to a contribution of
1up from “localised” electrons of a1 symmetry and 0.2up
from “itinerant” e, electrons. Interpretation of heat ca-
pacity measurements have lead to the conclusion that the
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metallic phase is characterised by a large electronic con-
tribution 54.6 mJK~2mol~!V [15]. In the metallic phase
the magnetic susceptibility is anomalously high but drops
abruptly by a factor of nearly 2 at the transition [16,17].
NMR [18] and susceptibility measurements have been
combined to separate the contributions to the measured
susceptibility in the metallic phase into temperature inde-
pendent diamagnetic (dia) and van Vleck (vv) parts and a
temperature dependent 3d part obeying a Curie-Weiss law

X(T) = Xd + Xvv + Xdia (1)

with o
xa(T) =75 (2)

with C' = 0.657 emumole 'K and § = —600 K giving
et = 2.37up per vanadium atom. However over the
temperature range for which the Curie-Weiss behaviour is
reported [17], namely 155 to 300 K, the observed suscep-
tibility only falls by 20%. Between 300 and ~ 550 K the
susceptibility is only weakly dependent on temperature.
Above ~ 550 K the observed susceptibility has been anal-
ysed to yield a Curie-Weiss behaviour with § = —600 K
and peg = 2.69up per vanadium atom. However this anal-
ysis is valid only if Xy takes the value 0.21 pemu/mol,
which corresponds to the value of xy, calculated for
vanadium [19]. The calculated spin only values of peg for
V3+ and V4t are 2.83up and 3.87up per vanadium atom
respectively. Associated with the essentially temperature
independent susceptibility between 300 and ~ 600 K is
an anomalous change in conductivity to a metallic state
above ~ 600 K [20]. Both phases of this high temperature
transition appear to have the corundum structure but with
an increase in the ¢/a ratio as the temperature rises [21].
The metallic phase can be stabilised at all temperatures
by alloying with TiyOs, [22-24] varying the oxygen
stoichiometry [25-27] or by hydrostatic pressure [28,29].
For small concentrations of vanadium vacancies (Va_, O3
with 0.018 < z < 0.035) an incommensurate spin density
wave has been identified below Ty ~ 12 K yielding an
ordered moment of 0.15up per vanadium atom [30].

3 Experimental

A V5,03 powder sample (Johnson Matthey) was checked
by X-ray diffraction at room temperature and found to
be single phase. It has the corundum structure, space
group R3c, with cell parameters a = 4.9475(7) A and

¢ = 14.004(7) A, in good agreement with earlier reported
data [31,6] for the stoichiometric compound. Susceptibil-
ity measurements carried out using a SQUID magnetome-
ter over the temperature range 4 to 300 K, revealed an
anomaly at ~ 155 K in agreement with earlier measure-
ments [16,17]. An anomaly at this temperature was also
observed in the electrical resistivity from measurements
made on a compacted pellet.

Measurement of the paramagnetic response as a func-
tion of wave vector was carried out using the polarised
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neutron spectrometer D7 at the ILL Grenoble. The in-
cident neutron wavelength of 4.84 A and the 32 detec-
tors enabled simultaneous measurement of the response
over the wave vector range 0.1 < @ < 2.5 A-1. Polari-
sation of the incident beam and analysis of the scattered
beam, by each of the 32 detectors, was made using po-
larising supermirrors. A coil placed in the incident beam
before the sample allowed the neutron spin to be reversed.
Three mutually perpendicular Helmholtz coils around the
specimen position enabled the incident neutron spin to be
rotated along the axis of the three coils. The efficiency
of the 32 detectors was determined using the scattering
from a standard vanadium specimen. A quartz glass sam-
ple was used to determine the polarisation efficiency of
each detector/mirror arrangement. The average flipping
ratio of the 32 detector systems was found to be 30 £+ 1.5.
For measurements at 120 K and 300 K the 20 g powder
sample was contained in a thin walled aluminium tube lo-
cated in a helium flow cryostat. A non-inductively wound
furnace was used for the high temperature measurements
at 600 K. The scattering from the sample was placed on
an absolute scale using the vanadium normalisation. This
procedure was verified using the nuclear spin incoherent
scattering from the sample, which is expected to arise en-
tirely from the presence of vanadium. The observed differ-
ential cross section was 0.84 £ 0.02 barns/str/atm which
compares favourably with the reported value for vanadium
of 0.826 barns/str/atm [32].

An unambiguous separation of the paramagnetic scat-
tering from all other contributions was made using the
XY Z method [33] and the vector nature of the magneti-
sation-neutron interaction. Only the magnetic component
is dependent on the relative orientation of the scattering
vector, so by measuring the spin flip (SF) and non spin
flip (NSF) scattering associated with the X, Y and Z di-
rections the magnetic contribution can be extracted by
subtracting the following partial cross sections

(dopara) = (doy™") + (doy™") = 2(doF™)  (3)

and

(dopara) = _<dJaScF> - <d‘7§F> + 2<dJ§F> (4)

where the z axis is taken to be vertical.

The paramagnetic component can be obtained from
either the spin flip or the non spin flip scattering. Usu-
ally the spin flip channel is used to extract the magnetic
scattering since it contains fewer contributions, essentially
only the magnetic and nuclear spin incoherent compo-
nents. Vanadium has a large nuclear spin incoherent scat-
tering which is wave vector independent but necessitates
data of good statistical significance in order to obtain the
paramagnetic component from the spin flip channel.

The polarised neutron technique not only enables the
isothermal determination of the magnetic cross section
but also its spatial and temporal dependence. If the scat-
tering is placed on an absolute scale then the measure-
ments provide a powerful test of theory. The experiment
on V503 was concerned only with the wave vector de-
pendence of the magnetic response, with the scattering
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integrated over an energy range up to ~ 30 meV. If rela-
tivistic effects are unimportant and spin is conserved the
observed scattering will extrapolate to the cross section
at @ = 0 given by the uniform susceptibility y. The spin-
spin correlation function (S, -S_,) at @ = 0 is given by
>-;(Si-8;) = 3xkpT which is related to the partial differ-
ential cross section by 42 = > 2(S;-S;) (roy)? f2 where
(roy) = —0.54 x 10712 cm and f is the form factor which
is unity at @ = 0.
The magnetic correlation function

Staw) = [are S0 50) 0

is related to the imaginary part of the dynamic suscepti-
bility

S(q,w) = T _hw

A sum rule for the scattering can then be defined

> 7dw5(q, w) =

[y [atertr S dammis 8,00 (1)

which yields

N(S?) = NS(S +1). (8)
In the ordered ground state the Bragg peaks contribute
(bS)? and the spin waves (1 — b%)S? + S (where b is the
reduction factor due to longitudinal fluctuations). Thus in
order to obtain the sum rule it is necessary to integrate
up to the maximum spin wave energy. For some systems
this may not be experimentally feasible, but the technique
described above which places the scattering onto an abso-
lute scale enables a precise comparison with model calcu-
lations of the wave vector and energy dependence of the
response. For local moment systems well above the order-
ing temperature Ty the correlation (Sy-Sy) = S(S + 1)
and the sum rule is recovered. Again the integration has
to be over the same energy range which is typically equal
to kgTn. However in the paramagnetic phase the response
is quasi-elastic with the magnetic weight peaked at zero
energy. However local magnetic moments are meaningful
variables only if the magnetic excitation spectrum wmag
and charge excitation spectrum wey, are separated, namely
Wmag < wen. This situation is usually satisfied for ionic
magnets such as MnFs in which the Coulomb forces giv-
ing rise to Hund’s rule moments are much stronger than
the thermal energies kTN characterising magnetic fluctu-
ations [9].

For metallic systems the spectra of charge and spin
fluctuations overlap and the concept of a local moment
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is not well defined. An average magnetic moment can be
obtained in the magnetically ordered phase from Bragg
scattering which is a ¢ = 0 and w = 0 measurement. How-
ever it is not possible to establish a sum rule based on this
value. The dynamic response is characterised by the band
motion of the electrons which is determined by the band-
width. A sum rule does exist based on the occupation of
the band and integration over the Brillouin zone up to the
bandwidth. However a reliable separation of the thermal
and quantum fluctuations is not generally possible, par-
ticularly if there is a change in electronic structure from
the ground state [9].

4 Results

The spin flip scattering observed (Fig. 1) in the low tem-
perature insulating phase at 120 K was consistent with
that reported by Moon [5]. Within the wavevector range
studied the (001), (010) and (—201) antiferromagnetic
Bragg peaks were clearly resolved. The intensity of these
peaks are consistent with the proposed antiferromagnetic
structure in which the vanadium moments of 1.2up are
ferromagnetically coupled in (110) planes of the hexago-
nal lattice with adjacent planes coupled antiferromagnet-
ically. The uniform background observed below ~ 1 At
corresponds to a cross section of 0.007 5 b./str/fu.

On raising the temperature above 155 K the form
of the magnetic scattering significantly altered with the
sharp antiferromagnetic peaks disappearing as expected.
The wave vector dependence of the paramagnetic scat-
tering observed at 300 (Fig. 2) and 600 K (Fig. 3) was
similar, with the main feature being the enhancement of
the scattering at small wave vectors and around strong nu-
clear Bragg peaks. Such behaviour is expected if there ex-
ist spatial correlations of the magnetisation density which
are ferromagnetic in nature. Unpolarised neutron scatter-
ing carried out at 200 K on a single crystal specimen also
reported the presence of ferromagnetic correlations [11].
Measurements carried out around the position of the an-
tiferromagnetic wavevectors did not reveal any significant
enhanced scattering. The two temperatures at which mea-
surements were made in the paramagnetic phase, namely
300 and 600 K correspond approximately to twice and
four times the transition temperature at which the para-
magnetic state occurs. Experimental constraints did not
permit measurements to be made below ~ 0.2 A-1 and
therefore obtain a precise determination of the correlation
length. An “estimate” was obtained using the value of the
cross section at () = 0 as given by the uniform susceptibil-
ity and assuming an Ornstein-Zernicke dependence. This
analysis indicated that the range of correlation 6-9 A did
not effectively change between 300 and 600 K. The value
of the correlation length obtained in this way is similar to
that observed in V5Og [10]. The total amount of scatter-
ing per vanadium atom was obtained by integrating the
observed scattering up to a wave vector determined by the
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atomic volume {2 namely QQy = (%)1/3

Qo

o } [, Mpae. @

(M; - M) = [ﬁ

This yielded an amplitude per vanadium atom of
0.35(1)us, 0.35(1)up and 0.5(1)up at 120, 300 and 600 K
respectively. The value obtained at 120 K did not include
the magnetic Bragg scattering, only the magnetic diffuse
scattering. As already discussed, these values should not
be interpreted as atomic moments. The energy integra-
tion has not been carried out over the appropriate band-
width but over the corresponding thermal energy range.
However the loss of long range magnetic order does not
give rise to an increase in the magnetic diffuse scatter-
ing as would be expected for thermally disordered local
moments of 1.2up. The amplitude observed at 290 K is
smaller than the 0.61up reported for V50g obtained using
similar experimental conditions [10]. A value of 0.5(1)up
per vanadium atom was obtained for V5Ogs in earlier po-
larised neutron experiments [8] using high energy neutrons
which enabled an energy integration over twice the ther-
mal energy range.

5 Discussion

The thermal variation of the uniform susceptibility is com-
plex but has been analysed to reveal Curie-Weiss be-
haviour over discrete regions namely 155 to 300 K and
above 600 K [17]. The values of the effective moment in
each regime are different and inconsistent with the the-
oretical values expected for V3* or V4*+ and with the
value estimated from the observed ground state moment.
Furthermore the paramagnetic Curie temperature derived
for each regime, namely —600 K is high. In the metallic
phase similar behaviour is observed for systems in which
the Fermi level falls close to a peak in the density of
states. Castellani et al. [34] have proposed that the sus-
ceptibility in the metallic phase is characteristic of a nar-
row band Stoner enhanced Pauli paramagnet. In the non
interacting limit the susceptibility and Sommerfeld coeffi-
cient of the specific heat are related to the bare density of
states by

X _ 7
Bl o2z - VR

(10)
where x is in gemu/mol, « is in mJ/(mol KQ) and N(ep)
is given by states/eV atom. The magnitude of both the
susceptibility x = 103 gemu/mol and the Sommerfeld co-

efficient v = 54.6 mJ/(molK?) in the metallic phase are
anomalously large producing a value for the density of
states N(ep) substantially greater than that calculated.
The value for 7 was obtained by suppressing the transition
temperature and extending the metallic phase to lower
temperatures by either changing the stoichiometry [27] or
by the application of pressure [26]. Thus care must be
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Fig. 1. Spin flip scattering in the low temperature insulating phase of VoO3 at 120 K.
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Fig. 2. Paramagnetic scattering in the metallic phase of V203 at 300 K.

taken in attributing the - values derived in this way to crease while as a function of band filling they decrease.
the metallic state of pure Vo,Og at ambient pressure. Re- Furthermore the analysis and the band structure calcula-
cent specific heat measurements [26,27] indicate that the tions do not include many body effects such as electron-
metallic state of VoO3 looks quite different as a function electron and electron phonon interactions which influence
of band filling (change in stoichiometry) or of pressure. x and y. McWhan [15] has pointed out for such systems
Under pressure the derived 7 values are reported to in- that x/v < 1 implies strong electron-phonon interaction,
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Fig. 3. Paramagnetic scattering in the high temperature metallic phase of V203 at 600 K.

X/~ =~ 1 implies spin fluctuations and x/~ > implies para-
magnons, and on the basis of the analysis it was concluded
that spin fluctuations dominate in V,Os3.

The concept of local moments in which the electrons
giving rise to the magnetism participate in the trans-
port properties and the use of a Curie-Weiss model is
highly questionable. Indeed low temperature NMR mea-
surements carried out under pressure indicate the absence
of local moments [35]. Significant thermal variation of the
uniform susceptibility at temperatures well below that
corresponding to the Fermi temperature is observed in
many strongly correlated magnets such as MnSi, ZrZns,
Ni, Fe, etc. [36]. In these materials neutron measurements
have shown that the paramagnetic state is characterised
by spin fluctuations which can persist up to many times
the ordering temperature [9]. It is the presence of the spa-
tial correlations in V503 and the underlying mechanism
that is the key to understanding the metal insulator tran-
sition.

The magnetic moment per vanadium atom obtained at
77 K in the antiferromagnetic phase is significantly smaller
than the 2up expected for a V37 ion. Several possibilities
for this behaviour have been proposed including, itiner-
ancy of the 3d electrons (covalency) [34], a crystal field
model in which an isolated V3% ion in an octahedral field
has opposing spin and orbital moments [18] and a band
model in which one of the two 3d electrons is completely
polarised and the other only partially [13,14]. Recent po-
larised neutron measurements [37] of the spatial distribu-
tion of the magnetisation density induced at 180 K by a
field of 4.6 T support the model proposed by Castellani.

The results show that the moment on the vanadium atoms
is almost entirely due to electrons in the doubly degenerate
orbitals which are supposed to give rise to orbital order-
ing. Significant negative moment amounting to some 6%
of the total was found on the oxygen sites which could
only occur due to covalency.

The thermal variation of the moment in the antifer-
romagnetic phase would suggest a transition to a param-
agnetic state around 300 K [5], well above the first order
phase transition at 155 K where long range magnetic or-
der in fact disappears. However the disappearance of long
range magnetic order at 155 K is not the result of thermal
disorder of local moments of fixed amplitude. In general
for local moment systems the magnetic ordering temper-
ature Ty is typically of the same order of magnitude as
the zone boundary spin wave frequency observed in the
ground state. The magnon dispersion in V203 has been
partially determined up to ~ 25 meV [38]. The results re-
veal an anisotropy gap of 4.75 meV and anisotropic disper-
sion consistent with the antiferromagnetic coupling being
much stronger than that between parallel spins. The zone
boundary energy for modes propagating along the (001)
direction is approximately 25 meV which is of the same
order as the extrapolated Néel temperature. However the
substantial change in electronic structure at the transition
renders any description of the metallic phase based on the
ground state highly speculative.

At the metal-insulator transition there is a significant
change in crystal structure involving ~ 3.5% reduction in
the volume of the lattice in the metallic phase, with the
vanadium-vanadium distances becoming shorter and less
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Fig. 4. Projection along the c axis of a single layer of VOs
octahedra in the high-T structure of V2O3 (rhombohedral R-
3c, unit cell outlined, distances V-V = 2.88 A shown).

Fig. 5. Projection of a layer in an appropriate direction of the
low-T" structure (monoclinic 12/a, differentiated V-V contacts
indicated).

differentiated and the vanadium-oxygen distances remain-
ing essentially unchanged. The structure of VoOg3 at ambi-
ent temperatures (corundum type) is formed from layers
orthogonal to the ¢ axis, one of them being depicted in
Figure 4. Such layers of hexagons of edge sharing VOg oc-
tahedra have a composition VOg,5 = VO3. The 3D struc-
ture results from successive shifts of identical layers by 1/3
along the (long) cell diagonal with the consequence that
the O atoms between adjacent layers are shared according
to VO35 corresponding to V2O3. This stacking has the
consequence that half of the octahedra share faces with
octahedra in the upper and half with those in the lower
layer resulting in V-V dumbbells with the short distance
of 2.70 A whereas the V-V distances within the layers
(contacts across octahedron edges) are 2.88 A. The short
distance is at first hand a trivial consequence of face shar-
ing of the octahedra.

The crystallographic transformation to the low tem-
perature structure [5,6] becomes most obvious by depict-
ing the corresponding projection of the layers which now
are distorted with V-V distances ranging from 2.86 to
2.98 A (see Fig. 5). The V-V distances between adjacent

layers (across octahedral faces) have increased to 2.75 A.
In addition to the increase of the inter-layer V-V dis-
tances the other change which takes place through the

205

Fig. 6. Patterns of close V-V contacts in (a) High-T-V2Os3
(3D-framework of short V-V distances) and (b) low-T-V203
(2D-array of short V-V distances). The vertical lines corre-
spond to shortest V-V distances, 2.70 and 2.75 A, respectively
(see text).

phase transition pertains to the intra-layer V-V distances.
These develop into a quasi 1-D pattern of zig-zag chains
of V atoms with only a small differentiation of the V-V
distances (2.86 vs. 2.88 A) in the chains. Taking into ac-
count the short inter-layer V-V distances the monoclinic
distortion breaks the 3-D metal-metal bonding framework
into 2-D nets as shown in Figure 6.

The occurrence of magnetic moments in metallic mag-
nets depends on correlation effects and the band width
which is essentially determined by the nearest neighbour
metal-metal distance. In the case of vanadium this has
been extensively studied in compounds such as AusV [39].
The absence of nearest neighbour V-V interactions is be-
lieved to be important for the formation of local vana-
dium moments. Theoretically the volume dependence of
the magnetic moment in bce vanadium has been studied
by Hattox et al. [40] who found that a local moment is
formed for V-V distances given by 2.85 A < d,_, < 3.8 A.
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Subsequent LSDF calculations [41] reveal three critical
distances corresponding to a non magnetic, a low spin and
to a high spin state. The loss of magnetic order observed
in V503 is not dissimilar to the behaviour found in YMnsy
where a paramagnetic state is established at a first order
phase transition involving a ~ 5% reduction in cell [42]
volume. This behaviour is associated with a collapse of
the local Mn moment. However it may be noted that the
level of scattering in Vo035 towards the zone boundary e.g.
between ~ 0.6 and 1 A~! does not effectively increase on
warming to 290 K as would be expected on the loss of long
range magnetic order corresponding to a moment of (g.5)
i.e. 1.2up. Although the paramagnetic state of YMns is
characterised by well defined spin fluctuations, [43] these
occur around the staggered wave vector. In VO3 the spin
fluctuations are of a ferromagnetic nature and are clearly
responsible for the jump in susceptibility at the first order
phase transition. Since VoO3 orders antiferromagnetically
fluctuations may be expected around the staggered wave
vector particularly close to the Néel temperature. How-
ever, as the transition at 155 K is not a true magnetic
phase transition, being of first order, thermodynamic fluc-
tuations should not be important. Clearly the ferromag-
netic correlations persist beyond 600 K and are not simply
residual short range order but arise from a fundamental
change in the wave function. At the phase transition there
is a change by seven orders of magnitude in the electrical
conductivity reflecting the increased overlap of the d func-
tions. Thus whilst antiferromagnetic coupling dominates
the ferromagnetic exchange below 155 K this could alter
when the mechanism changes with the introduction of a
conduction band. Whilst the ground state magnetic struc-
ture comprises of ferromagnetically coupled spins in the
(110) planes it is not possible on the basis of the present
powder measurements to state whether it is the same spins
which are correlated in the paramagnetic phase.

Fundamental to understanding the metal insulator
transition is a precise knowledge of the electronic states
involved and identification of the important correlation
effects. As early as (1960) Goodenough [44] stressed the
importance of direct V-V interactions in V,03. Cova-
lent bonding of a1, electrons between pairs of vanadium
atoms along the direction [001]}, is predicted to give rise
to the high temperature non co-operative cross over tran-
sition [44]. The weaker V-V interactions in the basal plane
are then thought to produce the low temperature first or-
der transition. Subsequently Castellani et al. [34] proposed
that the magnetic properties of the metallic phase could
be described by a 3d band model of e, symmetry with
a highly enhanced Stoner susceptibility. The spin fluctu-
ations producing the enhancement being mainly confined
to V-V pairs along the ¢ axis. The importance of the V-V
pairs was also emphasised in the excitonic model proposed
by Ashkenazi and Weger [13]. Recent band structure cal-
culations [45] indicate that the partially filled bands at the
Fermi surface involve all five a1, and e, states. However
the induced magnetisation density at 180 K was observed
to have e, anisotropy [37].

Further insight into the importance of the V-V near-
est neighbour distance can be obtained with reference to
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the phase diagram of V503 as a function of metal doping.
Doping with Ti (Ti,V;_, )O3 suppresses the antiferromag-
netism and establishes the metallic phase for x > 0.055
down to lowest temperatures. A similar result also occurs
in the V203, system for x > 0.03. However the effects
of Cr doping are quite different primarily affecting the
properties above the antiferromagnetic insulating state.
The first order onset of antiferromagnetism is observed
in all systems that undergo a metal insulator transition.
Associated with the first order transition is a change of
atomic volume. Of all the transition metal sesquioxides
with the corundum structure, the metallic conductivity
and high c¢/a ratio makes V20Os unique. Whilst doping
with Ti or Cr affect the phase diagram differently, they
both reduce the ¢/a ratio. However, unusually the near-
est neighbour distance is not reduced in both systems. A
one percent substitution of Cr®* in V5,03 causes a drop
in ¢/a from 2.83 to 2.78 whilst the resistivity increases
by several orders of magnitude. A remarkable feature is
that the nearest neighbour vanadium distance increases.
For (Vg.962Cro.038)O3 the distance increases from 2.697 in
V203 to 2.746 A despite the contraction of ¢ from 14.003 A
to 13.912 A. The V-V distance in (Vo0.962Cr0.038)03 is

very close to that of 2.74 A observed in the antiferromag-
netic monoclinic phase of pure V20O3. In addition the in-
teratomic vanadium-vanadium distance across the shared
octahedral edge increases by approximately 1.2% which
compares well with the observed 1% expansion in a. In
the case of Ti doping the ¢ parameter and the V-V near-
est neighbour distance along the ¢ axis decrease to 2.59 A
and 13.7 A respectively. In the absence of detailed crys-
tallographic information of the (Ti;Vi_,)O3 system and
assuming a linear variation of the nearest neighbour V-V
distances then antiferromagnetism disappears at a value
of 2.737 A.

6 Conclusion

The paramagnetic phase of V,0s3, including both metal-
lic regimes is characterised by a ferromagnetically corre-
lated spin density similar to that observed in the para-
magnetic phase of transition metal ferromagnets [9]. The
long wavelength thermal spin fluctuations are enhanced
whereas those of short wavelength overlap with quantum
fluctuations and give rise to a low level of scattering in the
thermal region. The onset of ferromagnetic correlations
at the metal-insulator transition accounts for the abrupt
jump in the uniform susceptibility. Associated with this
transition is the loss of long range magnetic order. How-
ever the transition which is of first order is not a true
Néel temperature but arises from a substantial change in
the crystallographic and electronic structure. The reduc-
tion in atomic volume which also occurs on the estab-
lishment of the metallic state arises from an instability
in the local vanadium moment. The present result clearly
indicates a substantial reduction in the paramagnetic mo-
ment within the thermal energy range. A similar observa-
tion is obtained for NiS [46] which also undergoes a metal
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insulator transition with a change in atomic volume and
a collapse of long range magnetic order. Whilst similar-
ities exist between the volume collapse and moment in-
stability detailed differences in the paramagnetic response
are to be expected owing to differences in crystallographic
structure and electronic configuration of the metal atoms.
Vanadium which is at the beginning of the 3d series will
have a more extended wave function, and indeed direct
V-V interactions along the ¢ direction are reported to in-
fluence the physical properties of VoOs3. It is probable that
the ferromagnetic correlations in the paramagnetic phase
are a manifestation of these V-V interactions. The ab-
sence of substantial thermal variation of the correlations
clearly indicates that their origin is not one of residual
short range order arising from thermal fluctuations close
to the transition temperature but arise from details of the
electronic structure. Further measurements extending to
lower wave vectors are required to quantify the range of
correlations. However there are no polarised neutron spec-
trometers presently available on which to carry out such
investigations.

The authors would like to thank E. Briicher and G Siegle for
experimental assistance.
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