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Orbital molecules in the new spinel GaV2O4 

Alexander J. Browne,† Calum Lithgow,† Simon. A. J. Kimber,‡ and J. Paul Attfield*,† 

†Centre for Science at Extreme Conditions and School of Chemistry, University of Edinburgh, West Mains Road, 
Edinburgh EH9 3FD, United Kingdom 
‡Diffraction Group, Neutron Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, U.S.A. 

 

ABSTRACT: The structures and properties of vanadium oxides are often related to the formation of molecule-like clusters 
of vanadium cations through direct V-V bonding. GaV2O4, a new vanadium spinel, has been synthesized. Powder diffraction 
and X-ray total scattering studies, complemented by magnetization and resistivity measurements, reveal that the low tem-
perature phase of this material is structurally distorted and features ordered pairs of three- and four-atom vanadium clus-
ters. These clusters persist into a disordered cubic phase above the charge ordering transition at TCO = 415 K. Furthermore, 
quasi-elastic neutron scattering indicates that the disordered clusters remain well defined and static to 1100 K. 

INTRODUCTION 

The notable electronic properties of vanadium oxides have 
led to these materials finding numerous applications. Sev-
eral systems, such as layered Li1+xV1-xO2

1 and NaxVO2
2 

phases and nanostructured V2O5,3 are being investigated as 
battery electrode materials. Nanospheres of the spinel 
ZnV2O4 have promising supercapacitance and hydrogen 
storage properties;4 BIMEVOX phases derived from γ-
Bi4V2O11 are a prominent family of oxide ion conductors;5 
and many vanadium oxides are used as catalysts.6 

In some vanadium oxides, functionality is the result of an 
electronic ordering transition. A prominent example is 
VO2, which undergoes an ultrafast metal-insulator transi-
tion at 340 K.7 There is considerable interest in developing 
technology that exploits the dramatic change in properties 
associated with this transition, ranging from electronic 
switches to chemical sensors and thermochromic window 
coatings.8,9 

At the metal-insulator transition, VO2 undergoes changes 
to both its electronic and crystallographic structure. In the 
high temperature metallic phase there is a single V-V near-
est-neighbor distance (2.87 Å), found along chains of edge-
sharing VO6 octahedra, but this splits into alternatingly 
short (2.65 Å) and long (3.12 Å) separations in the low tem-
perature insulating regime.10 This is an example of an or-
bital molecule state – the short V-V separations in insulat-
ing VO2 define spin-singlet (V4+)2 dimers. Orbital mole-
cules are clusters of transition metal cations formed when 
orbital ordering localizes electrons into directly-interact-
ing d orbitals,11 and are found in the ground states of many 
vanadium oxides. Mixed-valence oxides such as V4O7, 
which are structurally related to VO2, also exhibit metal-

insulator transitions accompanied by V-V dimerization.12 
Triangular (V3+)3 spin-singlet trimers form in LiVO2 and 
Li1+xV1-xO2 (x ≤ 0.1),13 and BaV10O15.14 NaVO2 undergoes or-
bital ordering without forming orbital molecules,15 but in-
terestingly the ground states of different polymorphs of 
Na0.5VO2, corresponding to different arrangements of the 
Na-site vacancies, exhibit different vanadium clusterings, 
and both dimer and trimer ground states have been 
found.16 In all of these materials the formation of orbital 
molecules coincides with dramatic changes to their elec-
tronic structure, and hence to their electrical and magnetic 
properties. 

Understanding the microscopic mechanism of orbital mol-
ecule formation is desirable for developing this behavior 
into functionality. Typically, V-V bonds emerge when a 
uniform structure distorts below an electronic transition 
temperature. In both VO2 and LiVO2, the distortion is 
driven by orbital polarizations that result in significant d-d 
σ-bonding interactions.17,18 This is similar to the orbitally 
induced Peierls transition used to describe the formation 
of orbital dimer states in the spinels CuIr2S4 and MgTi2O4.19 

However, we have recently found a very different type of 
orbital molecule behavior in the spinel AlV2O4.20 Investiga-
tion of the local structure of this material through analysis 
of the pair distribution function (PDF) revealed ordered 
(V3+)3 trimers and (V2+)4 tetramers – the largest known or-
bital molecules – in the distorted R3̅m ground state, and 
not V7

17+ heptamers as previously proposed.21 This ground 
state is the result of long-range orbital- and charge-order-
ing, corresponding to the electronic description 
Al4[V4

8+V3
9+V3+]O16. Above the transition temperature TCO 

= 700 K this long-range order is lost and the material has a 
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cubic Fd3̅m average structure with uniform V-V nearest-
neighbor distances. However, short-range order is retained 
and the trimers and tetramers persist in a structurally dis-
ordered phase to at least 1100 K (1.6TCO). This is consistent 
with magnetization and resistivity measurements, which 
show very little change across the transition temperature.22 
The stability of V-V bonding well above the long-range or-
dering temperature indicates a fundamentally different 
mechanism of orbital molecule formation in AlV2O4 than 
is found in other vanadium oxides – in the high tempera-
ture phase of VO2, the dimers do not persist on either the 
long-range or local scale.23 

Here we report the synthesis and characterization of 
GaV2O4, a new vanadium oxide spinel. It exhibits the com-
plex orbital molecule behavior found in isoelectronic 
AlV2O4, but with a lower TCO of 415 K, hence we demon-
strate the persistence of disordered orbital molecules to 
the relatively higher temperature of 2.7TCO. Furthermore, 
we have used quasi-elastic neutron scattering (QENS) to 
investigate whether the orbital molecules have static or dy-
namic disorder at high temperatures. 

 

EXPERIMENTAL SECTION 

Synthesis. Polycrystalline GaV2O4 was synthesized by a 
high temperature solid state reaction. Powdered Ga2O3 
(Sigma Aldrich, 99.99%), V (Alfa Aesar, 99.5%) and V2O5 
(Alfa Aesar, 99.6%) in the stoichiometric ratio were ground 
together, pressed into pellets, and sealed in an evacuated 
quartz ampoule, which was heated at 1000 °C for 48 hours. 

Structural characterization. High-resolution powder X-
ray diffraction data were collected at beamline ID22 at the 
European Synchrotron Radiation Facility, using a multia-

nalyser stage detector and 27.5 keV radiation ( = 0.450842 
Å). Data were collected on warming, with the sample 
loaded in a 0.5 mm diameter borosilicate capillary and 
heated from room temperature to 500 K using a nitrogen 
cryostream. X-ray total scattering data were also collected 
at ID22. In order to access the high momentum transfers Q 
needed to generate good quality PDFs, a Perkin Elmer 

XRD1611 2D detector and 60 keV radiation ( = 0.206547 Å) 
were used. The sample was held in a 0.7 mm diameter 
quartz capillary and heated from 300 to 1100 K using a hot 
air blower, with measurements made on warming. 201 ex-
posures were collected at each temperature step and aver-
aged to give a total scattering pattern. Rietveld analysis was 
performed using GSAS.24 Total scattering functions S(Q) 
were transformed to PDFs G(r) using PDFgetX3,25 for 0.5 ≤ 
Q (Å-1) ≤ 25.8, after making suitable background correc-
tions. Structural models were refined against G(r) using 
PDFgui,26 which includes simulation of termination rip-
ples, for interatomic distances 1.5 ≤ r (Å) ≤ 12. 

Powder neutron diffraction was carried out with the HRPD 
beamline at the ISIS pulsed neutron and muon source. A 
2.7 g sample in a vanadium can was loaded into a furnace, 
heated to 550 K, and data were collected on cooling to 
room temperature. Diffraction patterns collected by the 

168° detectors were analysed by Rietveld refinement using 
GSAS. 

Magnetic and transport property measurements. The 
magnetic behaviour of GaV2O4 was measured using a 
Quantum Design SQUID MPMS XL. Measurements were 
made over the temperature range 2-300 K in an applied 
field of 100 Oe, under zero-field cooled and field cooled 
conditions, and on heating from 300 to 600 K in an applied 
field of 5000 Oe. The electrical resistivity of a sintered pel-
let of GaV2O4 was measured over the range 300-800 K by a 
conventional four-probe technique, using in-house appa-
ratus. 

Quasi-elastic neutron scattering. QENS data were col-
lected with the time-of-flight spectrometer IN6 at the In-
stitut Laue Langevin. The sample was loaded into a nio-
bium can in a furnace, and spectra were collected between 
400 K and 1100 K using neutrons with incident wavelength 
λ = 5.12 Å. Eight spectra were collected at each temperature 
and averaged scattering functions S(Q,E), where E is the 
energy transfer, were generated with vanadium normaliza-
tion and corrections for the empty can background. 

 

RESULTS AND DISCUSSION 

Average structure. High-resolution powder X-ray diffrac-
tion was used to study the average structure of GaV2O4, 
and a distortion analogous to that found in AlV2O4

20 is ob-

served. At room temperature, GaV2O4 has an R3̅m unit cell 
(Figure 1): Rietveld analysis (Figure 2a) gives lattice param-
eters aH = 5.86207(4) Å and cH = 28.98269(37) Å, and the 
refined atomic parameters are given in Table 1. Bond dis-
tances and angles are provided in the Supporting Infor-
mation. There are three vanadium crystallographic sites, 
and refinement of their positions defines V3 trimers and V4 
tetramers through short (~2.80 Å) V-V nearest-neighbor 
distances. Tetramers are formed by the V2 site and half of 
the V3 site cations; the remaining V3 cations form trimers, 
and the V1 site is non-bonding (Figure 1a). In this low tem-
perature phase, pairs of a V3 cluster and V4 cluster have 
long-range structural order but there are two possible con-
figurations of the clusters within each pair. This disorder 
in the average structure is modelled by splitting the V2 site 
(Figure 1b). An impurity phase, V2O3, with weight fraction 
5.3% was also found in the Rietveld fits. 

On heating, a structural phase transition from the R3̅m su-

perstructure to the cubic Fd3̅m normal spinel arrangement 
is observed. Within this average structure there is only a 
single V2.5+ crystallographic site and all V-V nearest-neigh-
bor distances are equivalent (~2.95 Å). However, as found 
for AlV2O4, Rietveld fits are improved by letting 7/8 of the 
vanadium (the proportion of vanadium cations involved in 
orbital molecule bonding) displace away from this ideal 
position as a split site, indicating disorder in the high tem-
perature phase. 
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Table 1. Atomic parameters of R�̅�m GaV2O4 at room temperature, from Rietveld refinement against the high-res-
olution powder X-ray diffraction data. 

Atom Site x y z Occupancy Uiso (Å2) 

Ga1 6c 0 0 0.18489(9) 1 0.0069(1) 

Ga2 6c 0 0 0.31051(9) 1 

V1 3a 0 0 0 1 0.0059(2) 

V2 6c 0 0 0.49537(32) 0.5 

V3 18h 0.83982(19) 0.16018(19) 0.41668(9) 1 

O1 6c 0 0 0.12468(44) 1 0.0103(4) 

O2 6c 0 0 0.37486(40) 1 

O3 18h 0.83614(70) 0.16386(70) 0.54152(29) 1 

O4 18h 0.82758(70) 0.17242(70) 0.28884(28) 1 

 

 
Figure 1. (a) Local structure in the R3̅m phase of GaV2O4. Ga 
(green), V (blue) and O (red) are shown, with the three dif-
ferent vanadium sites labeled and the short (~2.80 Å) V-V 
separations defining the V3 trimers and V4 tetramers shown. 
One local configuration of each orbital molecule pair is 
shown here but these are disordered over two possible con-
figurations (trimer-tetramer or tetramer-trimer) in the aver-
age structure, shown in (b), which is modelled by splitting 
the z-coordinate of the V2 site in Rietveld refinements. (c) 
The 𝑅3𝑚 structure used for PDF fits, in which all orbital mol-
ecule pairs have the same orientation. 

Conversion of the high temperature Fd3̅m structure into 

the low temperature R3̅m structure is evident as a splitting 
of the Bragg peaks of the cubic phase (Figure 2a, insets), as 
the rhombohedral distortion causes the lattice parameters 
aH and cH to deviate from metrically cubic values aH = 

aC/√2 and cH = √12aC. The thermal variation of an order 
parameter-like quantity X below the long-range ordering 
transition temperature TCO can be described by the critical 
equation: 

𝑋 = 𝑋𝐶𝑂 + (𝑋0 − 𝑋𝐶𝑂) tanh(𝑊𝑋𝑡
1/2

) / tanh(𝑊𝑋)  (1) 

where X takes values X0 and XCO at T = 0 and T = TCO, re-
spectively; the reduced temperature is t = (TCO – T)/TCO; 
and WX ≈ 2 is a fitting parameter. Equation 1 has been used 
to describe the behavior of structural quantities below the 
Verwey transition in magnetite.27 Applying Eq 1 to the ther-
mal variation of the reduced lattice parameters of GaV2O4, 

√2aH and cH/√12, taken from Rietveld refinements, gives 
good fits and determines TCO = 415 K (Figure 3a).  

Powder neutron diffraction (Figure 2b) corroborates the 
above structural characterization, although as a result of 
poor thermal equilibration of the large sample used for this 
experiment the value of TCO appears as 465 K.  As vanadium 
scatters neutrons very weakly no site splitting to describe 
disordered orbital molecules was included in the refine-
ment models.  However, the high neutron scattering con-
trast between Ga and V confirms that there is no antisite 
disorder.  

Both the X-ray and neutron refinements reveal that a pro-
portion of GaV2O4 remains cubic below TCO. This is most 
likely due to microstructural stresses that prevent some re-
gions of the polycrystalline sample from converting to 
rhombohedral below the transition. A similar suppression 
of the orbital molecule ordering transition in strained crys-
tallites has been observed in magnetite.27 The fractions of 
the two GaV2O4 phases were extracted through Rietveld re-

finement, and the decreasing fraction of the R3̅m phase on 
warming is described well by Eq 1 (Figure 3b). 
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Figure 2. Rietveld analyses of GaV2O4. Tick marks correspond 

to the R3̅m (blue) and Fd3̅m (grey) phases of GaV2O4, and a 
V2O3 impurity (pink). (a) Fits to high-resolution powder X-ray 
diffraction data collected at room temperature (upper, Rw = 
12.3%) and 500 K (lower, Rw = 9.0%), with insets showing the 
peak splitting associated with the rhombohedral distortion in 
an expanded region. (b) Fit to powder neutron diffraction data 
collected at room temperature (Rw = 5.7%). 

Rietveld fits to neutron diffraction data collected in the 
critical region were used to determine the lattice parame-
ters of the rhombohedral (aH and cH) and cubic (aC) phases, 
and the spontaneous strains for the low temperature phase 
were calculated as: 

𝑠𝑎 =
√2𝑎𝐻 − 𝑎𝐶

𝑎𝐶

 (2) 

𝑠𝑐 =
𝑐𝐻/√12 − 𝑎𝐶

𝑎𝐶

 (3) 

Spontaneous strain is an order parameter and for a (near) 
second-order transition close to the transition temperature 
the variation: 

𝑠2 = 𝑠0
2(1 −

𝑇

𝑇𝐶𝑂

) (4) 

is expected. Plots of 𝑠𝑎
2  and 𝑠𝑐

2 against T/TCO confirm the 
quasi-continuous nature of the structural transition (Fig-
ure 3c).  

Figure 3. (a) Lattice parameters of the rhombohedral and cu-
bic phases of GaV2O4, and (b) the rhombohedral phase frac-
tion, from high-resolution powder X-ray diffraction showing 
fits of Eq 1 below TCO = 415 K. (c) Squared spontaneous lattice 
strains of rhombohedral GaV2O4 from powder neutron diffrac-
tion fits decrease linearly to zero at T  = TCO, in keeping with 
Eq 4 for a continuous transition. 
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Figure 4. (a) Fit of the R3m model, featuring V3 and V4 orbital 
molecules, to the 300 K PDF of GaV2O4 (Rw = 11.9%) where the 
presence of short and long V-V distances gives rise to two 
peaks in the shaded region. (b) Fits to the 1100 K PDF using 
the Fd3̅m average structure model (upper, Rw = 13.5%), in 
which all V-V nearest-neighbor distances are equal, and the 
R3m model representing disordered orbital molecules (lower, 
Rw = 10.3%). 

Local structure. X-ray total scattering data have been 
used to characterize the local V-V interactions in GaV2O4. 

Rietveld analyses of these data, using the split-site R3̅m 

and Fd3̅m models described previously, are consistent with 
those using the high-resolution powder diffraction data. 
Analysis of the PDFs generated from the total scattering 
data shows that the real-space structure described by the 
PDFs is consistent with that determined from Rietveld re-
finement below TCO, with ordered pairs of V3 and V4 orbital 
molecules (Figure 4a). A modified model was used to fit 
these PDFs – instead of R3̅m symmetry with a split V2 site 
a lower symmetry R3m model, in which the V2 site dis-
places with full occupancy, was used (though constraints 

consistent with R3̅m symmetry were applied to all other 
sites to reduce the number of refined variables).  

Figure 5. Structural parameters extracted from PDF (filled 
symbols) and Rietveld (open symbols) analyses of the X-ray 
total scattering data, evidencing the persistence of disordered 
orbital molecules to 1100 K. (a) V-V bonding causes the vana-
dium atoms to be displaced from ideal spinel positions. The 
V2 and V3 sites displace independently below TCO, with the 
split-site R3̅m model used for Rietveld fits and the R3m model 
for PDF fits. Above TCO Rietveld analysis using the split-site 
Fd3̅m model reveals significant displacement of vanadium 
away from its ideal site, and PDF fits using the R3m model 
yield similar displacements (for refinement stability, the V2 
and V3 site displacements were constrained to be equal). (b) 
PDF fits reveal that the short V-V distances that define the or-
dered V3 and V4 orbital molecules in the ground state evolve 
continuously through TCO, though Rietveld analysis of the cu-
bic average structure gives only a single V-V distance. 
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Figure 6. (a) The zero-field cooled magnetic susceptibility of GaV2O4. Fits of Eq 5 and Eq 6, which use a spin-gap term and a 
constant, respectively, to account for the susceptibility contributions of the spin-singlet clusters, are shown over the range 5-300 
K. Left inset: a cusp, resulting from freezing or ordering of paramagnetic V3+ spins not involved in orbital molecule bonding, at 3.8 
K. Right inset: the high temperature susceptibility measured on warming, with no pronounced anomaly at TCO = 415 K. (b) Loga-
rithmic plot of high temperature resistivity against inverse temperature showing continuous variation through TCO, but with a 
change of slope at TCO = 415 K evident in the derivative. 

 

Both the R3̅m and R3m models feature V3-V4 orbital mole-
cule pairs, so the local structural correlations in both are 

the same. However, whilst in the R3̅m model different 
pairs adopt different configurations and are disordered, in 
the R3m model all pairs have the same orientation. The 
two models therefore represent different average struc-

tures (Figures 1b and 1c). As the R3̅m model gives a better 
Rietveld fit than the R3m model, the disordered pairs sce-
nario is a better overall description of the structure of 
rhombohedral GaV2O4, as was also found for AlV2O4.20 The 
R3m model was used for the PDF fits as the half-occupied 

split-site used to model the disorder in the R3̅m model, 
whilst suitable for describing the average atomic distribu-
tion, does not meaningfully represent the local structure. 

Above 415 K, the PDFs are not well fit by an ideal cubic spi-
nel model in which the V-V nearest-neighbor distances are 
equal (Figure 4b). This is particularly evident in the first V-
V coordination shell, which corresponds to the PDF inten-
sity in the range 2.5 ≤ r (Å) ≤ 3.2 (the shaded region in Fig-
ure 4), indicative of local V site displacements. A much bet-
ter fit is achieved using the same R3m model as used to fit 
the PDFs below TCO. aH and cH were constrained in the met-
rically cubic ratio, consistent with the average structure, 
and the V2 and V3 site displacements were constrained to 
be equal to improve refinement stability (consequently, 
the two short bonding V-V distances are equal). V site dis-
placements of ~0.1 Å, consistent with those found through 
split-site Rietveld refinements, are present to 1100 K (Fig-
ure 5a), and result in short V-V distances corresponding to 
locally ordered V3 and V4 orbital molecules (Figure 5b). The 
V-V distances determined at 300 K and 1100 K are tabulated 

in the Supporting Information. The residual cubic phase 
below TCO was not included in the analysis of the X-ray to-
tal scattering data: the resolution of the diffraction pat-
terns is insufficient for it to be included in Rietveld fits, and 
as both phases of GaV2O4 are likely to have the same local 
structure it does not need to be accounted for separately in 
the PDF analysis. 

The persistence of the orbital molecules to high tempera-
tures in GaV2O4, with TCO indicating their order-disorder 
transition, is consistent with the orbital molecule behavior 
found in AlV2O4,20 though the value of TCO = 415 K in 
GaV2O4 is substantially lower than that for AlV2O4 (700 K). 
This is likely due to Ga3+ having a larger ionic radius than 
Al3+, so the average lattice V-V separation – 2.96 Å in 
GaV2O4 at 1100 K, compared to 2.92 Å in AlV2O4 – is corre-
spondingly larger. This weakens the tendency of orbital 
molecules to long-range order and hence suppresses TCO. 
Furthermore, the larger average separation weakens the in-
teractions within the orbital molecules. Not only are the 
bonding V-V distances in GaV2O4 (both 2.72 Å at 300 K) 
not as short as those in AlV2O4 (2.59 Å and 2.65 Å), but the 
difference between bonding and non-bonding distances 
(2.72-3.13 Å in GaV2O4, 2.59-3.17 Å in AlV2O4) is less. The 
smaller spin-gap energy, discussed in the following section, 
also evidences weaker bonding interactions in GaV2O4. 

A lower TCO does, however, allow the temperature scale 
over which local orbital molecule interactions are found to 
be extended. The total scattering analysis demonstrates 
the persistence of structurally disordered orbital molecules 
in GaV2O4 to 1100 K which is 2.7TCO, far above the critical 
regime. 
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Magnetic and transport properties. Although the pres-
ence of orbital molecules in GaV2O4 has been deduced 
through structural analysis and the identification of unu-
sually short V-V distances, their presence impacts on, and 
can be corroborated by characterizing, the material’s mag-
netic and electrical properties. The formation of orbital 
molecules requires electrons to be paired in V-V bonds, 
and the properties of GaV2O4 are based on the electronic 
description Ga4[V4

8+V3
9+V3+]O16. For every eight vanadium 

atoms, which have an average oxidation state of 2.5, a V4
8+ 

tetramer and a V3
9+ trimer are formed by the two-center 

two-electron bonding of four V2+ and three V3+, respec-
tively. These are both spin-paired (S = 0) species, but the 
remaining vanadium is a monomeric and paramagnetic (S 
= 1) V3+ cation. 

Equation 5, used previously to characterize the magnetic 
behavior of AlV2O4,21 treats the total susceptibility as the 
sum of a Curie-Weiss term for the monomeric V3+ cations, 
and a generic spin-gap term for the spin-singlet clusters, 
which can be thermally excited to a triplet state: 

𝜒 =
𝐶

𝑇 − 𝜃
+

𝐷

𝑇[1 +
1
3

exp (
𝐸𝑔

𝑘𝐵𝑇
)]

 (5) 

Equation 5 gives a reasonable fit to the measured suscepti-
bility of GaV2O4, with parameters C = 0.225 emu K mol-1, θ 
= -25.4 K, D = 0.662 emu K mol-1, and Eg/kB = 416.2 K (Figure 
6a). These values are in keeping with those determined for 
AlV2O4, and give a paramagnetic moment μeff = 2.68 μB (the 
predicted values for a d2 cation are C = 0.25 emu K mol-1 
and μeff = 2.83 μB). The average spin-gap energy Eg/kB = 416 
K shows that strong spin pairing is present, though a 
smaller value than for AlV2O4 (844 K) is consistent with 
GaV2O4 having weaker bonding interactions. An improved 
fit to the low temperature susceptibility is, however, ob-
tained by using a temperature-independent constant to ac-
count for the susceptibility contributions of the orbital 
molecules: 

𝜒 =
𝐶

𝑇 − 𝜃
+ 𝐴 (6) 

with fitting parameters C = 0.0793 emu K mol-1, θ = -6.2 K 
and A = 1.46 x10-3 emu mol-1. A negative value of θ, indicat-
ing antiferromagnetic correlations of the V3+ spins, is again 
obtained, though the value of C gives a moment μeff = 1.59 
μB that is smaller than expected for S = 1 V3+.  A sharp cusp 
in the susceptibility, below which the zero-field cooled and 
field cooled susceptibilities diverge, is observed at 3.8 K 
and is attributed to the freezing or ordering of the mono-
meric V3+ spins. 

Although a structural distortion occurs in GaV2O4 at TCO = 
415 K, no corresponding change in the high temperature 
susceptibility is observed. This is consistent with the struc-
tural description of local V3 and V4 orbital molecules per-
sisting above TCO, as the breakup of these spin-singlet clus-
ters should lead to large increases of the susceptibility – 
complete decomposition would lead to C = 2.88 emu K 
mol-1 for paramagnetic GaV2+V3+O4. Similarly, there is no 

change in resistivity that might arise if the bonding elec-
trons became delocalized (Figure 6b). GaV2O4 is a semi-
conductor with an activation energy of 0.24 eV, and only a 
slight change of slope is observed around TCO. Equivalent 
measurements of the properties of AlV2O4 also only show 
small changes to the susceptibility and resistivity on cross-
ing TCO.22 Hence the physical properties of these materials 
are consistent with a change from ordered to disordered 
orbital molecules at the transition, rather than any changes 
in the V-V bonding.  

Quasi-elastic neutron scattering. The total scattering 
analysis and property measurements described previously 
demonstrate the persistence of structurally disordered or-
bital molecules in GaV2O4 (as in AlV2O4) to 1100 K. How-
ever, from these analyses it is not clear whether the disor-
dered orbital molecules in these materials are static (glass-
like) or dynamic (liquid-like). QENS has been used to in-
vestigate whether dynamical motion or interchange of V 
atoms between orbital molecules in GaV2O4 becomes evi-
dent at high temperatures. Dynamic behavior would result 
in quasi-elastic scattering, which would appear as a broad-
ening of the elastic scattering line. 

QENS data were collected from 400 K, at which tempera-
ture the orbital molecule pairs have long-range order and 
are expected to be static, to 1100 K. The scattering functions 
S(Q,E) at 400 K and 1100 K are provided in the Supporting 
Information, and the integrated functions S(E) for all 
measured temperatures are plotted in Figure 7. Although 
the intensity of the elastic line decreases on heating, due to 
the Debye-Waller effect, no broadening of the elastic line 
is observed. This linewidth establishes that in GaV2O4 any 
dynamic behaviour must be slower than ~10-11s, indicating 
that the clusters are well defined and statically disordered 
even at 1100 K. 

Figure 7. Thermal variation of the QENS scattering function 
S(Q,E) for GaV2O4, integrated over the full measured range of 
Q. Quasi-elastic scattering from orbital molecule dynamics 
that would broaden the elastic line is not seen, showing that 
the disordered orbital molecules remain static up to 1100 K. 
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CONCLUSION 

GaV2O4, a new oxide spinel, has been synthesized. Long-
range orbital- and charge-ordering in the ground state re-
sults in a structural distortion and pairwise order of V3

9+ 
and V4

8+ orbital molecules. Above TCO = 415 K, long-range 
order is lost but short-range order remains, and the orbital 
molecules persist in a statically disordered phase to at least 
2.7TCO. 

The orbital molecules in GaV2O4 and AlV2O4 are found to 
be stable to temperatures well above that at which they 
lose long-range structural order, unlike those in VO2 which 
do not persist above the metal-insulator transition. This 
implies that the electronic interactions that result in V-V 
bonding in vanadium oxides can vary considerably, from 
real-space (molecular) to momentum-space (Fermi sur-
face) electronic instabilities. To explore these variations of 
orbital molecule bonding, further investigations of the lo-
cal and long-range structures of vanadium oxides will be 
required.  
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Synopsis: 

GaV2O4, a new vanadium spinel, has been synthesized. Powder diffraction and X-ray total scat-
tering studies, complemented by magnetization and resistivity measurements, reveal that the 
low temperature phase of this material is structurally distorted and features ordered three- and 
four-atom vanadium clusters. These clusters persist into a disordered cubic phase above TCO = 
415 K. Furthermore, quasi-elastic neutron scattering indicates that the disordered clusters re-
main well defined and static to 1100 K. 


