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Orbital molecules in vanadium oxide spinels

Alexander J. Browne 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

(Received 21 November 2019; published 27 January 2020)

X-ray scattering and magnetization measurements have been used to explore the extent of orbital molecule
formation in a variety of AV2O4 vanadium oxide spinels. Zn doping suppresses the long-range order of
trimer-tetramer pairs that occurs in GaV2O4, but disordered orbital molecules are found across most of the
ZnxGa1−xV2O4 series (0.06 � x < 0.875). Orbital molecules are not observed in the ground states of ZnV2O4,
MgV2O4, or LiV2O4 but are likely present in Li0.5Ga0.5V2O4, an analog of the former two materials. The ratio
of observed to ideal values of the V-V nearest-neighbor distance has been used to rationalize these observations.
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I. INTRODUCTION

The electronic and magnetic states of transition-metal ox-
ides with strongly correlated d electrons can be described in
terms of charge, spin, and orbital degrees of freedom [1,2].
These can interact to produce a great variety of electronic
ground states, as electron-electron correlations can be static
or dynamic and exist over length scales ranging from nearest-
neighbor interactions to long-range crystalline periodicity.
They are also often highly sensitive to perturbations, even
within a given structural family. For example, several AV2O4

vanadium oxides crystallize in the normal spinel structure
[Fig. 1(a)] but their ground states vary considerably: while
heavy-fermion correlations dominate in LiV2O4 [3], ZnV2O4

is an antiferromagnet [4], and vanadium orbital molecules
form in AlV2O4 [5]. The extent of the latter ground state has
been explored here.

Orbital molecules are covalently bonded clusters of
transition-metal cations embedded within an extended lattice
[6]. They can form in materials where the d orbitals of
neighboring cations interact directly with one another via
t2g-t2g overlap through edge- or face-sharing metal oxide
octahedra. Accordingly the rutile and spinel structures, in
which octahedra form edge-sharing chains in one and three
dimensions, respectively, are common hosts. Spinel examples
include MgTi2O4, in which Ti26+ dimers form along helical
chains [7], CuIr2S4, in which Ir2

8+ dimers organize into eight-
membered rings [8], and Fe3O4, in which Fe3

8+ trimerons
order below the Verwey transition [9]. A prominent rutile
type is VO2, which undergoes a Peierls-like metal-insulator
transition at 340 K that is associated with the formation of
V2

8+ orbital dimers [10]. Structurally related to VO2 are
the Magnéli phases such as V4O7, which also have dimer
ground states [11]. In V3+ systems the 3d2 configuration
allows each cation to form two bonds so that V3

9+ trimers
form in LiVO2 [12], Na0.5VO2 [13], and BaV10O15 [14].
Seven-atom, 18-electron vanadium “heptamers” were initially
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reported in the charge-ordered ground state of AlV2O4 [15],
but a subsequent x-ray atomic pair distribution function
(PDF) analysis revealed these orbital molecules to be V3

trimers and V4 tetramers [5]. They are arranged as disordered
V3-V4/V4-V3 pairs in the low-temperature superstructure of
AlV2O4 and they persist in a disordered state within the
high-temperature cubic spinel state. Similar orbital molecule
states were subsequently found in the analog material
GaV2O4 [16].

The spinel structure is an excellent template for exploring
orbital molecule phenomenology as the three-dimensional
connectivity of edge-sharing VO6 octahedra allows for a range
of bonding arrangements, and orbital molecule formation also
relieves the geometric frustration of ordering interactions over
the pyrochlore sublattice of the V sites [Fig. 1(b)]. Previ-
ous experimental and theoretical studies of other vanadium
oxide spinels, such as ZnV2O4 [17] and LiV2O4 [18], have
suggested that V–V bonding interactions may also play a
role in their correlated ground states. These suggestions,
coupled with our studies of AlV2O4 and GaV2O4 mentioned
above, motivated the present work. As done for AlV2O4 and
GaV2O4, we have employed x-ray total scattering from poly-
crystalline samples to search for local structural distortions
that result from disordered orbital molecules hidden within
the crystallographic average structure. We have also used
magnetization measurements and powder-neutron diffraction
to explore the magnetic properties of selected materials. A
range of spinels have been studied and the Results sections are
arranged in order of decreasing V electron count (increasing
charge state): solid solutions between 3d2.5(V2.5+) GaV2O4

and 3d2(V3+) ZnV2O4; the latter and the other 3d2(V3+)
spinels MgV2O4 and Li0.5Ga0.5V2O4, a new A-site disordered
variant; and 3d1.5(V3.5+) LiV2O4.

II. EXPERIMENTAL

A. Synthesis

Polycrystalline powder samples of all materials were pre-
pared by high-temperature solid-state reactions as detailed
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FIG. 1. (a) Ideal AV2O4 spinels adopt a cubic Fd 3̄m crystal
structure in which the A-site (green) and vanadium (blue) cations
are tetrahedrally and octahedrally coordinated by oxide anions (red),
respectively. Each VO6 octahedron shares edges with six neighbors,
such that the vanadium cations themselves form (b) a pyrochlore
sublattice of corner-sharing tetrahedra. (c) In AlV2O4 and GaV2O4,
V3

9+ trimers and V4
8+ tetramers are formed through strong local

V–V bonding interactions. In the ground state these order as trimer-
tetramer pairs, although the weak interactions between pairs means
that each can adopt one of two configurations (V3-V4 or V4-V3) in
(d) the R3̄m average structure. The three vanadium crystallographic
sites in this structure are labelled.

below. Powder-x-ray diffraction, using a Bruker D2 Phaser
diffractometer equipped with a Cu anode, was used to confirm
that reactions had reached completion.

GaV2O4, ZnV2O4, and ZnxGa1−xV2O4 solid solutions
were synthesized from ZnO, Ga2O3, V, and V2O3 powders,
the latter prepared in advance by the reduction of V2O5 under
flowing H2 at 900 °C, in the stoichiometric ratio appropriate
for the composition. These were ground together and pressed
into pellets, which were sealed individually in evacuated
quartz ampoules prior to heating. This was carried out for 48
h at 1000 °C for phases with 0 � x < 0.125, and for 48 h at
900 °C for phases with 0.125 � x � 1.

MgV2O4 was synthesized from MgO and V2O5. A pellet of
the ground powders in the stoichiometric ratio was first heated
under flowing H2, for 2 h at 600 °C and then 12 h at 1080 °C.
Subsequently the pellet was ground and pressed again, then
heated at 1100 °C for 48 h in an evacuated quartz ampoule.

Li0.5Ga0.5V2O4 was synthesized by the reaction of LiGaO2

and V2O3. The former was prepared by heating Li2CO3 (with
5% molar excess) and Ga2O3 for 12 h at 900 °C, and the latter
by the reduction of V2O5. Stoichiometric quantities of these
precursors, plus additional Li2CO3 to provide a 10% excess
of Li, were ground together and transferred to a gold capsule,
which was sealed in an evacuated quartz ampoule. This was
heated at 850 °C for 72 h, then quenched to room temperature.

To synthesize LiV2O4, V2O3 was prepared by the reduction
of V2O5 as above, and Li3VO4 was prepared by the reaction
of Li2CO3 and V2O5 (with a 5% molar excess of the former)
for 36 h at 800 °C. A pellet consisting of these precursors and
V2O5 in the stoichiometric ratio was sealed in a gold capsule
within an evacuated quartz ampoule, which was heated at 900
°C for 48 h.

B. X-ray total scattering

All x-ray total scattering data were collected at beamline
ID22 of the European Synchrotron Radiation Facility, set up
with a PerkinElmer XRD1611 2D detector to access high-Q
scattering.

Two experiments were conducted to study the
ZnxGa1−xV2O4 system. In the first, a He cryostat was
used for temperature control and data were collected for
the phases with x = 0 (at temperature steps between 5 and
280 K), x = 0.125 (5–280 K), x = 0.875 (5–280 K), and
x = 1 (10–280 K), and also for MgV2O4 (10–100 K). In the
second, a N2 cryostream was used and data were collected for
all synthesized ZnxGa1−xV2O4 phases at both 90 and 300 K.
Additional data were collected at steps on warming from 300
to 500 K for x = 0, 0.02, and 0.04, and on warming from 90
to 300 K for x = 0.06.

Experimental parameters and data processing were kept as
consistent as possible between the two experiments. Both used
70-keV radiation, with calibrated wavelengths of 0.177 022 Å
for the first and 0.176 938 Å for the second. Each sample was
held in a borosilicate capillary of 0.5-mm diameter, and the
total scattering pattern of each sample at each temperature
step was the average of 201 1-s exposures. Rietveld analysis
of these patterns was done using GSAS [19]. PDFGETX3 [20]
was used to make background corrections to these patterns,
convert them to structure functions S(Q), and transform these
to PDFs G(r). These transforms were done for momentum
transfers 1.0 � Q(Å−1) � 19.2 for the first experiment and
0.5 � Q(Å−1) � 20.0 for the second; the reduced range in the
former case was needed to avoid background anomalies from
the cryostat that could not be properly corrected for. Fits of
structural models to these PDFs were done using PDFGUI [21],
for the interatomic distances 1.5 � r(Å) � 12.0 in all cases,
and included simulation of termination ripples.

Total scattering data were collected for LiV2O4 in a sepa-
rate experiment. The sample was loaded into the He cryostat
in a 0.7-mm capillary, and data were collected on warming
from 5 K to room temperature using 60-keV radiation (λ =
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0.206 547 Å). 201 exposures, each of 1.5 s, were averaged
to give the total scattering pattern at each temperature step.
Rietveld analysis was done using GSAS; PDFs were generate
using PDFGETX3, for 0.5 � Q(Å−1) � 20.2; and fitting of
these including simulation of termination ripples was done
using PDFGUI over the range 1.5 � r(Å) � 10.0.

C. Magnetometry

DC magnetic susceptibility measurements were made for
all synthesized samples using a Quantum Design supercon-
ducting quantum interference device MPMS-XL. An applied
field of 5000 Oe was used for the measurements on GaV2O4,
ZnV2O4, MgV2O4, and all ZnxGa1−xV2O4 phases, while
1000 Oe was used for Li0.5Ga0.5V2O4 and LiV2O4.

D. Powder-neutron diffraction

Powder-neutron-diffraction data were collected for
Li0.5Ga0.5V2O4 using the HRPD beamline at the ISIS
pulsed neutron and muon source. 2.6 g of the sample, held
in a slab-geometry vanadium can, was cooled to 4.2 K
using a standard orange cryostat; then data were collected
at temperature steps on warming to 300 K. GSAS was used
to refine structural models against the diffraction patterns
collected by the 168° detectors.

III. RESULTS

A. ZnxGa1−xV2O4

Previous studies have established that below the charge-
ordering transition temperatures TCO = 700 and 415 K,
respectively [5,16], AlV2O4 and GaV2O4 adopt an R3̄m
spinel superstructure in which pairs of a V3 trimer and a
V4 tetramer with shortened V-V distances have long-range
order [Figs. 1(c) and 1(d)]. Magnetic susceptibility mea-
surements reveal that these orbital molecules are spin sin-
glets, and their bonding follows a simple two-center two-
electron scheme that corresponds to the charge-ordering pat-
tern A4[V4

8+V3
9+V3+]O16. The remaining V3+S = 1 cation

spins freeze or order below a transition at 3.8 K for A = Ga.
Above TCO, these materials have the cubic Fd 3̄m cell of the
normal spinel structure, but x-ray total scattering has shown
that V–V bond shortening persists up to at least 1100 K due to
the presence of disordered V3 and V4 orbital molecules. The
robustness of the orbital molecules to temperatures far above
TCO suggests that they may also persist upon doping, hence we
have investigated long-range and local structural correlations
across the ZnxGa1−xV2O4 system.

Rietveld fits to the Bragg x-ray-diffraction peaks were
used to determine how the lattice symmetry and parameters
evolve. Small amounts of Zn doping are found to suppress the
R3̄m-Fd 3̄m charge-ordering transition (Fig. 2). The transition
is clearly observed near 400 K for the x = 0, 0.02, and 0.04
samples, but no distortion of the cubic crystal structure is
seen for x = 0.06 down to 90 K. This demonstrates that the
long-range order of V3-V4 orbital molecule pairs is sensitive
to the disorder induced by Zn substitution. More highly doped
samples, with x increasing from 0.125 to 0.875 in increments
of 0.125, were found to have Fd 3̄m spinel average structures

FIG. 2. Lattice parameters of ZnxGa1−xV2O4 phases with x �
0.125, from Rietveld refinements of R3̄m (aH and cH ) and Fd 3̄m (aC)
unit cells against x-ray total scattering data. The rapid suppression
of the R3̄m-Fd 3̄m distortion at TCO with increasing x demonstrates
that long-range orbital molecule order is highly sensitive to A-site
disorder.

at all investigated temperatures. The x = 1 material, ZnV2O4,
has low-temperature orbital- and spin-ordering transitions as
described in Sec. III B.

To determine how local structure evolves across the
ZnxGa1−xV2O4 system we analyzed the x-ray scattering data
in two ways, following our previous analyses of AlV2O4

[5] and GaV2O4 [16]. Rietveld fits to the Bragg diffraction
intensities use the R3̄m model in Fig. 1(d) for the rhombo-
hedral phases, where the displacements of the V2 and V3
sites from their ideal spinel positions quantify the degree
of orbital molecule formation. For fits to the cubic Fd 3̄m
phases a split-site model for the V atom in the cubic spinel
structure, where 7/8 of the vanadium site occupancy can
displace away from the ideal cation position, was used. This
displacement quantifies the average degree of orbital molecule
formation. Additionally, PDF analysis of the total scattering
data, which includes diffuse as well as Bragg contributions,
allows changes to the V–V bonding to be assessed on the
local scale. Fits to the PDFs were made using an R3m model
of ordered V3-V4 cluster pairs [5] with the hexagonal lattice
parameters aH and cH constrained to be metrically cubic when
the observed lattice symmetry was Fd 3̄m. The positions of the
V2 and V3 sites that make up the V3 and V4 clusters were
refined independently, and their displacements from ideal
spinel positions again quantify the degree of orbital molecule
formation.

The results from Rietveld refinements to 90 K scattering
patterns, in Fig. 3(a), show that the cell parameter of the cubic
lattice adopted when x � 0.06 increases with x. However, a
substantial local V displacement that decreases only slowly
up to x = 0.625, then more rapidly as x is increased further,
is observed in these cubic phases. Part of this displacement is
likely due to correlation between the refined displacement and
thermal parameters of the V site—-a comparison of the Rw
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FIG. 3. (a) Average-structure parameters across the
ZnxGa1−xV2O4 system, from Rietveld fits to 90 K total scattering
data. Phases with x � 0.04 adopt R3̄m symmetry, which allows
V3-V4 cluster pairs to establish long-range order through a displacive
distortion of the ideal Fd 3̄m lattice. For x � 0.06 there is no periodic
distortion, but significant displacement of the vanadium cations
from their ideal (zero-displacement) position indicates disorder in
the average structure that arises from local symmetry lowering. In
the inset, Rw values of Rietveld fits with V fixed at its ideal position
or displaced as a split site are shown. (b) Refined displacements of
the V2 and V3 crystallographic sites of the R3m structural model
when fit to ZnxGa1−xV2O4 PDFs. These remain nonzero through the
periodic distortion at low x, demonstrating that the orbital molecules
persist through this distortion, although the critical-type decrease of
the V2-site displacement when approaching x = 0.875 evidences
their eventual decomposition.

residuals for fits in which V was either held at the ideal site
or allowed to refine as a split site, with the thermal parameter
refined in both cases [Fig. 3(a), inset], shows that the split-site
model offers no significant improvement for x = 0.875 and
x = 1 but does evidence local displacements for x < 0.875
samples.

The V-atom displacements from PDF analysis, in Fig. 3(b),
are comparable to those determined in the Rietveld re-
finements. As x increases the displacements determined
from the PDF fits vary continuously through the crys-
tallographic distortion that occurs between x = 0.04 and
0.06. This implies that the orbital molecules undergo a
substitution-induced order-disorder transition equivalent to
the temperature-induced one that occurs at TCO in the low-x
phases. It is also notable that as x approaches 0.875, the
V2-site displacement decreases rapidly to zero with a critical-
type behavior. This suggests that a well-defined transition
from a state in which disordered orbital molecules are present
to one where they are absent takes place at this level of
doping. This is corroborated by the variation of the 90 K
cubic lattice parameter aC in Fig. 3(a). A small anomaly in
the slope is evident at x = 0.875, and extrapolating linearly
from the x = 0.875 and 1 points shows an excess decrease in
aC below x = 0.875 that mirrors the critical-type variation of
the V2 displacement in Fig. 3(b). Similar behavior of aC at
300 K is shown in the Supplemental Material [22]. Hence, the
shortening of V-V distances within orbital molecules leads to
a slight lattice shrinkage for x < 0.875 samples.

Evidence for this transition can also be seen in a com-
parison of fits of the R3m model that describes local orbital
molecules and the Fd 3̄m model of the uniform average
structure to the PDFs of the x = 0.125 and 0.875 samples.
Even at 5 K, the fit to the former [Fig. 4(a)] is significantly
improved when the local symmetry is lowered, while for the
latter [Fig. 4(b)] it is not. Furthermore, for these materials
and GaV2O4, variable-temperature fits show that there are no
significant changes to their local structures between 5 and
300 K [Fig. 4(c)]. The V-V distances that define the orbital
molecules in the local structure of GaV2O4 are very similar to
those obtained from Rietveld fits of the R3̄m average structure.
A similar range of local V-V distances is also found in the
cubic x = 0.125 phase, despite Rietveld analysis only giving
the single average value. However, for the x = 0.875 phase,
PDF fits give short and long V-V distances that differ by
little more than their errors, so as noted above there is no
convincing evidence for orbital molecule formation in this
composition.

Magnetic susceptibility measurements for the
ZnxGa1−xV2O4 samples are shown in Fig 5(a). They
show spin-glass or antiferromagnetic transitions increasing
from Tspin = 3.8 K in pure GaV2O4 to 39 K for the
antiferromagnetic spin order in ZnV2O4. No other
transitions are seen up to 300 K, although high-temperature
measurements for the x = 0.04 sample show an anomaly
at 370 K [Fig. 5(a), inset] coinciding with the R3̄m-Fd 3̄m
order-disorder transition at TCO. The susceptibilities of all
samples were fit using Eq. (1) between 100 and 300 K; these
are provided in Ref. [22]. The three parameters A, C, and θ

were fit independently in all cases except ZnV2O4, for which
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FIG. 4. (a) Fits to the 5 K x = 0.125 PDF. Although the average structure has Fd 3̄m symmetry a fit of this model (upper, Rw = 28.9%)
clearly shows that the local structure deviates from this, and is instead well-described by the R3m model used to describe the local structure of
GaV2O4 (lower, Rw = 15.9%). (b) Analogous fits to the 5 K x = 0.875 PDF, demonstrating much less local deviation from the cubic average
structure (Rw = 12.4% for Fd 3̄m, upper; 10.0% for R3m, lower). (c) V-V distances in the local (filled symbols) and average (open symbols)
structures of the x = 0, 0.125, and 0.875 phases, which illustrate the evolution from a ground state of ordered orbital molecules to ones in
which they are disordered, and eventually absent, as x is increased.

A = 2.2 × 10−4 emu mol−1 was fixed at the literature value
[23],

χ = A + C

T − θ
. (1)

As noted previously for GaV2O4 (Ga4[V4
8+V3

9+V3+]O16)
[16], A corresponds to the contribution from the V4

8+

and V3
9+ orbital molecules, which have a large spin gap,

while the Curie-Weiss term describes the paramagnetic con-
tribution from the remaining V3+ which ideally has C =
0.25 emu K mol−1 for S = 1 spins. The variation of these
parameters, and Tspin, with x is shown in Fig. 5(b). In the
region 0 � x � 0.375, the fitted C decreases from 0.07 to

0.03 emu K mol−1, while θ and Tspin show little variation and
A increases. The absence of an increase in the paramagnetic
contribution confirms that the V ions continue to form spin-
singlet orbital molecules on passing from the ordered (R3̄m)
to disordered (Fd 3̄m) regimes. This is likely achieved by
decreasing the number of V4

8+ and increasing the number
of V3

9+ clusters. It is not straightforward to deduce how
the overall V4

8+:V3
9+ : V3+ ratio changes with x, but if the

proportion of free V3+ spins is assumed to be fixed at 1/8 then
the overall ZnxGa1−xV2O4 charge balance in this regime is
(ZnxGa1−x )4[(V4

8+)1−x(V3
9+)1+4x/3V3+]O16.

For x � 0.5, the magnitudes of C and θ increase while that
of A decreases. This increase of the paramagnetic contribution
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FIG. 5. (a) Magnetic susceptibilities of all synthesized ZnxGa1−xV2O4 phases. Their gradual variation with x is consistent with the gradual
changes found in the structural analysis. In the inset, the discontinuity seen in the x = 0.04 susceptibility at TCO = 370 K is shown. Fits of these
susceptibilities between 100 and 300 K with Eq. (1) determine (b) the parameters A, C, and θ , which vary as the V–V bonds found in GaV2O4

weaken then decompose as x increases. The susceptibilities also all show a magnetic transition at temperature Tspin, below which nonbonding
V cations establish a spin-glass or antiferromagnetic ordered state. Also shown (red squares) are the parameters obtained from an analogous
fit to the susceptibility of Li0.5Ga0.5V2O4 [Fig. 8(b)], which is isoelectronic with ZnV2O4.

to the total susceptibility at the expense of the temperature-
independent term is consistent with the breakup of orbital
molecules into single paramagnetic ions. This breakup is also
evident in the increase of Tspin from 4 K at x = 0.375 to 16 K
at x = 0.875 as more paramagnetic cations become available
to interact within the spin-glass state. Finally, A, C, θ , and
Tspin all change dramatically between x = 0.875 and 1, which
is consistent with complete loss of all orbital molecules and
the paramagnetic high-temperature state of ZnV2O4 being es-
tablished. The Curie-Weiss parameters are in agreement with
previously reported values C ≈ 3 emu K−1 mol−1 and θ ≈
−1000 K [24]; these suggest that strong orbital contributions
are present. Tspin is also markedly larger than for the x < 1
spin-glass materials, as it corresponds to the antiferromagnetic
transition for ZnV2O4 at TN = 39 K.

The magnetism of the ZnxGa1−xV2O4 system is thus
consistent with the structural behavior deduced from the x-
ray scattering data. The orbital molecules in GaV2O4 are
initially stable as x increases and valence electrons are re-
moved, but gradually decompose when x � 0.5 and are fully
lost at around x = 0.875. Accordingly, a phase diagram for
the ZnxGa1−xV2O4 system can be constructed (Fig. 6). The
ground state of GaV2O4, with its R3̄m lattice of ordered V3-V4

orbital molecule pairs, is established below TCO at low x.
Long-range order of orbital molecules is rapidly destabilized

by Zn substitution at the spinel A site, but the orbital molecules
themselves are remarkably resilient and persist to x ≈ 0.875.
The variable-temperature data demonstrate that when present,

FIG. 6. Phase diagram of the ZnxGa1−xV2O4 system. Orbital
molecules (OMs) form in most compositions, although they only
establish long-range order at low T and when A-site disorder is min-
imal. V–V bonding weakens as x increases and is fully suppressed
near x = 0.875. The orbitally ordered (OO) tetragonal ground state
of ZnV2O4 is established at low T around x = 1.
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orbital molecules are thermally stable to at least 300 K, and
our previous study of x = 0 GaV2O4 found that they can
be stable up to at least 1100 K. Only for x ≈ 0.875–1 is an
ideal Fd 3̄m spinel undistorted by local V–V bonding formed,
although the orbitally ordered ground state of ZnV2O4 is
established at sufficiently low temperatures. This ground state
was not found in any of the other synthesized ZnxGa1−xV2O4

phases, although its destabilization upon Ga substitution can
be estimated by comparison to the LixZn1−xV2O4 system, in
which it is suppressed by 10% Li substitution [25].

B. ZnV2O4 and MgV2O4

Previous studies have established that the ground state
of ZnV2O4 is established through separate orbital and
spin-ordering transitions [4]. Below TS = 51 K the high-
temperature Fd 3̄m structure undergoes a tetragonal compres-
sion that partially lifts the degeneracy of the t2g orbitals by
ordering one of the electrons into the dxy orbital but leaving
the other shared between degenerate dxz and dyz orbitals.
This partial orbital order leads to antiferromagnetic spin or-
der below TN = 40 K with up-down-up-down spin chains in
the xy plane but up-up-down-down chains in the xz and yz
planes. The same orders are seen in MgV2O4, with TS = 62 K
and TN = 40 K [26]. Both materials are Mott insulators, and
both antiferro- and ferro-orbital ordering schemes have been
proposed [27,28]. However, while some experimental results

have been consistent with the I41/a symmetry of the former,
others have been consistent with the I41/amd symmetry of
the latter [29,30]. Powder-neutron diffraction has determined
I41/amd symmetry for ZnV2O4 [4], while for MgV2O4 super-
lattice reflections suggesting I41/a symmetry were reported
in single-crystal x-ray-diffraction patterns but not in powder
x-ray-diffraction patterns [26]. In addition, as the V-V nearest-
neighbor distance in these materials is close to the 2.94-Å
critical separation for itinerant behavior predicted by Goode-
nough [31], the possibility of an insulator-metal transition has
also been considered [32,33]. Electronic structure calculations
have suggested that this occurs through orbital dimerization
between the ferromagnetic pairs of spins along xz and yz [17],
consistent with the P41212 orbital-Peierls dimerized ground
state of the spinel MgTi2O4 [34], and chains of alternating
short (2.92 Å) and long (3.01 Å) V-V separations have been
predicted for such a state in ZnV2O4 [17]. V-V dimers were
not identified in previous crystallographic studies of ZnV2O4

and MgV2O4, but neutron spectroscopy has identified phonon
anomalies in the latter material that are similar to those from
charge fluctuations in other Peierls systems [35].

Magnetic susceptibility measurements on our samples con-
firm the phase transitions at TS = 50 K and TN = 39 K for
ZnV2O4 and TS = 57 K and TN = 34 K for MgV2O4 [22].
Rietveld analysis of x-ray total scattering data confirms that
a tetragonal distortion that shortens the c axis of the high-
temperature Fd 3̄m structure occurs at TS in both materials,

FIG. 7. (a) Rietveld analysis of x-ray total scattering patterns of ZnV2O4. The upper pattern was collected at 100 K and shows an Fd 3̄m
average structure (Rw = 2.08%) while the lower was collected at 10 K and shows an I41/amd average structure (Rw = 1.96%). In the expanded
region shown in the insets, the broadening of the cubic 400 (Q = 2.99 Å−1) and 331 (Q = 3.26 Å−1) reflections by the tetragonal distortion can
be seen but the additional reflections of other proposed tetragonal symmetries cannot. (b) Fits to the 10 K x-ray PDF of ZnV2O4. The upper
fit is of an I41/amd model in which the vanadium site has a fixed position (Rw = 12.0%) and the lower is of a P41212 model in which it can
displace (Rw = 10.9%).
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TABLE I. Refined bond distances obtained from fits of different
tetragonal structures to the 10 K PDF of ZnV2O4.

Symmetry Rw (%) Zn-O (Å) V-O (Å) V-V (Å)

I41/amd 12.0 1.98(5) 1.99(4) 2.966(4)
2.02(2) 2.978(3)

1.99(5)
I41/a 12.1 1.99(5) 2.02(2) 2.966(5)

2.02(2) 2.977(3)

1.83(5)
1.95(8) 2.95(7)

P41212 10.9 1.95(7) 2.03(7) 2.97(7)
2.06(5) 2.04(12) 2.98(7)

2.05(12) 2.98(4)
2.12(8)

and the Bragg reflections of the low-temperature phases are
both fully indexed by a unit cell of I41/amd symmetry
[Fig. 7(a) for ZnV2O4, Ref. [22] for MgV2O4]. This is con-
sistent with the proposed ferro-orbital model for long-range
orbital order. The other proposed orderings require a lower
tetragonal symmetry (I41/a or P41212) and the additional
Bragg reflections that would arise if one of these was adopted
are not seen [Fig. 7(a), insets].

Both I41/amd and I41/a symmetries do not allow the V
atom to move and hence cannot describe V-V dimerization,
whereas this is allowed in a P41212 symmetry description. To
determine whether local vanadium displacements are present
in the ground states of ZnV2O4 and MgV2O4, fits of these
three tetragonal structures were made to their 10 K PDFs.
For both materials the I41/amd and I41/a models give very
similar fits while that of the P41212 model is improved. The
I41/amd and P41212 fits for ZnV2O4 are shown in Fig. 7(b)
and refined bond distances are given in Table I; the equivalent
fits and results for MgV2O4 are provided in Ref. [22]. In
the P41212 fit the AO4 tetrahedra and VO6 octahedra are
more distorted because this symmetry has more structural
degrees of freedom, but the refined atomic positions do not
significantly shorten the V-V distances (values for ZnV2O4

lie in the range 2.95 to 2.98 Å with errors >0.04 Å).
Hence, this x-ray total scattering study does not evidence

V-V orbital dimer formation within the ground states of
ZnV2O4 and MgV2O4. Instead these spinels appear to have
a ferro-orbitally ordered ground state that does not involve
orbital molecules. However, our study does not rule out
spin dimerization as theory has suggested that charge fluc-
tuations in a partially delocalized regime could give rise
to the observed antiferromagnetic ground state through spin
dimerization of the ferromagnetic V-V pairs with very little
bond-length alternation [36]. Neutron total scattering might
be useful here to explore local orbital fluctuations through
sensitivity to oxygen positions. A previous neutron PDF study
used only I41/a symmetry in the data analysis [37].

C. Li0.5Ga0.5V2O4

This previously unreported material has been syn-
thesized to investigate whether A-site cation ordering
can be achieved in V3+ oxide spinels. In the spinels

FIG. 8. (a) Rietveld fit to the powder-neutron-diffraction pattern
of Li0.5Ga0.5V2O4 collected at 4.2 K (Rw = 3.71%). Tick marks cor-
respond to the Fd 3̄m spinel phase (pink) and a V2O3 impurity with
2.2% weight fraction (gray). The additional reflections that would be
allowed if the spinel phase adopted F 4̄3m symmetry are not observed
(expanded region shown in inset). (b) The cubic lattice parameter aC

increases steadily between 4.2 and 300 K. However, its magnetic
behavior shows a transition at Tspin = 16 K, and a fit of Eq. (1)
between 100 and 300 K reveals similarity to the ZnxGa1−xV2O4

phases with disordered orbital molecule ground states [Fig. 5(b)].

Li0.5A′
0.5Cr2O4(A′ = Ga3+, In3+), a rocksalt-ordered distri-

bution of the A-site cations lowers the cubic symmetry to
F 4̄3m. This allows the Cr3+ cations to displace, and they form
a “breathing” pyrochlore lattice of alternating small and large
Cr4 tetrahedra [38]. The small Cr4 tetrahedra are not orbital
molecules but a breathing pyrochlore lattice clearly provides
a structural template on which orbital molecules could form.

Powder-neutron diffraction reveals that Li0.5Ga0.5V2O4

has the Fd 3̄m cubic spinel structure down to 4.2 K [Fig. 8(a)].
The additional reflections that would arise if this material
adopted the F 4̄3m symmetry of Li0.5Ga0.5Cr2O4 are not seen,
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despite the high neutron-scattering contrast between Li and
Ga, demonstrating that the A-site cations in the vanadium
analog have a disordered distribution. The refined A-site oc-
cupancy ratio is 0.470(2) Li to 0.530(2) Ga, showing that the
sample is slightly Li deficient. Furthermore, the cubic lattice
parameter aC shows a normal thermal expansion behavior be-
tween 4.2 and 300 K with no evidence for any structural phase
transitions [Fig. 8(b)]. The absence of a tetragonal distortion,
or any magnetic diffraction peaks, down to 4.2 K indicates
that Li0.5Ga0.5V2O4 does not have the ordered ground state
of isoelectronic ZnV2O4 and MgV2O4, presumably as long-
range orbital- and spin order is suppressed by the A-site cation
disorder present in this material.

However, magnetic susceptibility measurements
[Fig. 8(b)] reveal a transition at 16 K, and a fit of
Eq. (1) to the susceptibility between 100 and 300
K, as was done for ZnxGa1−xV2O4 in Sec. III A,
gives C = 0.75(2) emu K mol−1, θ = −251(7) K, and
A = 1.28(3) × 10−3 emu mol−1. These values are plotted
in Fig. 5(b) for comparison with those of the ZnxGa1−xV2O4

phases. Although Li0.5Ga0.5V2O4 has the same d-electron
count as ZnV2O4 its magnetic parameters are very different,
instead being comparable to values for the ZnxGa1−xV2O4

phases with x = 0.75 and 0.875. This suggests that disordered
orbital molecules are also present in Li0.5Ga0.5V2O4, although
x-ray total scattering data have not been collected to confirm
this. Formation of orbital molecules in Li0.5Ga0.5V2O4, but
not in the V3+ analogs ZnV2O4 or MgV2O4, may reflect the
smaller lattice parameter of the former material, ac = 8.32 Å,
compared to ac = 8.41 and 8.42 Å for the latter. Li/Ga
disorder within the lattice will also create local variations in
V-V distances that may help to stabilize orbital molecules.

In summary, although the material Li0.5Ga0.5V2O4 is iso-
electronic to the V3+ spinels ZnV2O4 and MgV2O4, it does
not display the same low-temperature orbital- and spin-
ordering transitions. Instead, the similarity of its magnetic
parameters to those of ZnxGa1−xV2O4 phases within the
disordered orbital molecule regime suggests that this is the
likely ground state of Li0.5Ga0.5V2O4.

D. LiV2O4

At high temperatures LiV2O4 is a bad metal with localized-
moment magnetism due to strong electron correlations. Below
28 K, these correlations greatly enhance the effective mass of
the d electrons such that a heavy-fermion state is formed [3].
This transition is most evident in the corresponding increase
of the electronic heat capacity but has also been identified
in measurements of other physical properties [39] and of
the electronic structure [40,41]. However, the mechanism by
which the mass enhancement occurs remains unclear. It is
certainly different from the Kondo mechanism that operates
in f -electron heavy-fermion systems such as CeAl3; for ex-
ample, Kondo interactions result in increased resistivity but
that of LiV2O4 decreases with the mass enhancement [39].
The mass enhancement in LiV2O4 is also not accompanied
by a long-range distortion of the cubic Fd 3̄m crystal structure
[42], so geometric frustration of any putative long-range spin,
charge, or orbital ordering over the pyrochlore lattice is not
relieved and neither magnetic ordering nor spin-glass freezing

FIG. 9. The PDFs of LiV2O4 at 290 K (upper) and 5 K (lower).
Both are well fit by an Fd 3̄m model consistent with the average
structure adopted over this temperature range (Rw = 11.6 and 12.3%,
respectively).

occurs above 2 K [3]. However, short-range antiferromagnetic
fluctuations have been identified [43,44], and neutron scat-
tering has shown that these interactions occur along the V-V
chains of the pyrochlore lattice with a partial delocalization of
spins that is sufficient for direct cation-cation interactions to
occur [18]. Theoretical work incorporating orbital interactions
has also suggested that the ground state of LiV2O4 can be
represented by simple molecular orbitals on V4 tetrahedra,
that the dominant interactions are exchange processes be-
tween neighboring tetrahedra, and that the overall properties
are determined by local spin and orbital degrees of freedom
[45]. These results suggest that V–V bondlike interactions
may be significant, and while the lack of a crystallographic
distortion rules out an ordered orbital molecule state, the
short-range fluctuations involved in the mass enhancement
could be related to disordered orbital molecules.

X-ray total scattering data were collected for LiV2O4 be-
tween 5 and 290 K. Rietveld analysis of these data confirms
that the unit cell has cubic Fd 3̄m symmetry over this temper-
ature range [22]. Subsequently, structural models were fit to
the PDFs of LiV2O4 generated from the total scattering data.
As would be expected, the 290 K PDF is well fit by an Fd 3̄m
structural model consistent with the crystallographic unit cell,
with a V-V nearest-neighbor distance of 2.915(1) Å (Rw =
11.6%). The 5 K PDF is also fit well by this model, with a
V-V nearest-neighbor distance of 2.908(1) Å (Rw = 12.3%)
[Fig. 9]. As Fd 3̄m symmetry constrains all V-V nearest-
neighbor distances to be equal, lower-symmetry models were
also fit to the 5 K PDF to try and identify subtle distortions. A
cubic F 4̄3m structure like that of Li0.5Ga0.5Cr2O4, in which
the vanadium cations could form a breathing pyrochlore lat-
tice, gives distances of 2.908(99) Å and 2.909(99) Å (Rw =
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12.2%), while a rhombohedral distortion to a simple R3m
cell gives distances of 2.90(41) Å, 2.90(45) Å, 2.91(45) Å,
and 2.92(41) Å (Rw = 12.1%). The similar values of V-V
distances, with very large errors due to refinement instabili-
ties, demonstrate that there are no detectable local structural
distortions present within LiV2O4 down to 5 K.

As a further check to these, split-site Rietveld refine-
ments that allow the vanadium to displace away from its
ideal position were performed. As shown previously for the
ZnxGa1−xV2O4 system, such refinements allow quantification
of any orbital molecule disorder in the average structure, but
no significant split-site displacement was found for LiV2O4

down to 5 K. We therefore conclude that the electronic
fluctuations thought to be responsible for the heavy-fermion
mass enhancement in this material at low temperatures are not
coupled to a structural distortion on any length scale down to
that of V-V nearest neighbors.

IV. DISCUSSION

The above results and those of many previous studies have
revealed a wide variety of electronic ground states in the
family of AV2O4 spinels. The present study, focusing on the
formation of orbital molecules, has shown that disordered
orbital molecules are present within apparently undistorted
cubic spinel materials across most of the ZnxGa1−xV2O4 se-
ries (0.06 � x < 0.875) and probably also in Li0.5Ga0.5V2O4.
Such local distortions that follow well-defined bonding rules
may give rise to correlated disorders [46], other examples of
which are the “orbital ice” ground state of Mo2

8+ dimers in
Y2Mo2O7 [47] and the local trimeron distortions that persist
in Fe3O4 above the Verwey transition [48]. However, there
is no structural evidence for local orbital molecule formation
from our x-ray total scattering studies of ZnV2O4, MgV2O4,
or LiV2O4.

The extent and degree of order of orbital molecules in
AV2O4 systems can be rationalized through the V d-electron
count (charge state) and the V-V nearest-neighbor separation
d , which is a crucial parameter in controlling V–V bond for-
mation. We represent the latter through the ratio d/dideal. In a
cubic AV2O4 spinel where VO6 octahedra share edges to form
chains in the [110] and equivalent directions, the observed
V-V nearest-neighbor separation is given by d = √

2aC/4,
and an ideal value is given by dideal = √

2d (Vm+−O), where
the d (Vm+−O) is the sum of the ionic radius of the V
cation in the appropriate charge state and that of O2−. Hence,
we have calculated d/dideal = aC/[4d (Vm+−O)] using 300
K lattice parameters, and this is plotted against n, the av-
erage number of d electrons per V cation, in Fig. 10. This
plot nicely stratifies all the materials in this study into
different orbital molecule regions. Materials with relatively
short V-V separations—AlV2O4, GaV2O4, and lightly doped
ZnxGa1−xV2O4—for which d/dideal < 0.994 form ordered
orbital molecule arrays within a periodic superstructure. In
the intermediate 0.994 < d/dideal < 1.033 range, V-V sepa-
rations are short enough for orbital molecules to form but
their local distortions are not sufficient to induce a cooper-
ative order and associated structural transition, hence they
remain disordered in the cubic spinel lattice to lowest temper-
ature. Relatively large V-V separations with d/dideal > 1.033

FIG. 10. Phase diagram incorporating all AV2O4 spinels in this
study. d/dideal is the ratio of observed to ideal values of the V-V
nearest-neighbor distance as defined in the text, and n is the average
number of d electrons per V cation. The shift in d/dideal for LiV2O4

upon compression to 21 GPa, where V–V bond shortening and a
low-temperature lattice distortion have been reported [50], is also
shown.

prevent the formation of orbital molecules and this allows
other ground states, such as the probable ferro-orbital order
in ZnV2O4 and MgV2O4 and the heavy-fermion itinerant
behavior of LiV2O4, to emerge. Incipient orbital molecule
formation may account for the mass enhancement observed in
LiV2O4. Pressure-induced changes of structure and properties
indicative of V–V bond formation have been reported for the
latter material [49,50], and as shown in Fig. 10 it is likely
that pressure reduces d/dideal sufficiently to bring LiV2O4 far
into the regime of formation and possible order of orbital
molecules.

Pressure effects in various A2+V2O4 spinels have previ-
ously been explored as the V-V nearest-neighbor distance is
close to the predicted critical value for electron delocaliza-
tion, so subtle structural perturbations can induce a signif-
icant behavioral response [51]. It has been suggested that
a transition from the ambient-pressure insulating states to
high-pressure metallic ones occur via an intermediate state
in which the valence electrons are partially delocalized to
form V–V bonds [32]. Pressure-induced structural changes
have been observed in ZnV2O4, but their relationship to any
V–V bonding has not yet been established [33]. The analogous
material CdV2O4 may even have an orbital molecule ground
state at ambient pressure [52], as its ferroelectric behavior has
been attributed to variations of V–O bond distances caused
by V-V dimerization, but structural confirmation of this has
not been reported. However, pressure effects may be complex
as pressure also tends to favor delocalized band states over
localized orbital molecules. Orbital dimerization is weak-
ened in MgTi2O4 but strengthened in CuIr2O4 as pressure is
applied [53].
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