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At ambient pressure the spinel LiV,0;, is a metal with a heavy fermion ground state. However, under applied
pressure a transition to an insulating, nonmagnetic state occurs. Powder x-ray diffraction has been used to study
structural changes associated with this transition, and reveals that the ambient-pressure Fd3m spinel structure
distorts to a monoclinic cell of C2/m, C2, or Cm symmetry above 11 GPa at low temperatures. The changes of
structure and properties provide evidence for orbital molecule formation in the cubic phase at high pressures and

low temperatures that leads to long-range orbital molecule order in the monoclinic phase.
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I. INTRODUCTION

Metal-insulator transitions often occur in systems with
strongly correlated electrons and are highly sensitive to per-
turbations such as a change of temperature, chemical substitu-
tion, or the application of pressure [1]. At ambient pressure the
spinel LiV,0y is a metal and has been of considerable interest
as it was the first d-electron system in which heavy-fermion
mass enhancement was observed [2]. An initial high-pressure
study of this material showed that, at 10 K, a transition to an
insulating state is induced at 6.8 GPa [3]. Subsequent optical
measurements revealed a pressure-temperature phase diagram
with three distinct regions—a low-pressure metallic phase
and a high-pressure insulating one with markedly different,
pressure-independent conductivities, separated by an interme-
diate region in which the change from metallic to insulating
conductivity gradually occurs [4]. The magnetic behavior of
LiV,0, under pressure has also been studied—'Li- and 3! V-
NMR have revealed that the local-moment low-pressure phase
gradually converts to a spin-singlet high-pressure one, and
that this conversion starts to occur at pressures consistent with
the metallic-intermediate phase boundary determined by the
optical measurements [5].

The high-pressure change in LiV,04 is reminiscent of
transitions exhibited by VO, and other vanadium oxides that
are associated with the formation of orbital molecules—small
clusters of transition metal cations formed by covalent d-d
bonding [6,7]. In addition to changes of properties, which
result from the localization and spin pairing of d electrons
into V-V bonds, the formation of orbital molecules in these
materials is associated with a structural distortion, as the
distance between the bonded cations is typically shortened
by several tenths of an Angstrom. However, characterization
of the structure of LiV,04 under pressure is lacking. A
distortion of the cubic Fd3m structure of the metallic phase
was reported on the basis of powder x-ray diffraction results,
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though it was found to occur at a higher pressure—12.8 GPa
at 10 K—than the change of resistivity reported concurrently
[3]. From the observed peak splitting it was suggested that
this high-pressure phase has an R3m symmetry superstructure
similar to that of AlV,04. At ambient pressure and high
temperatures A1V,0y adopts the cubic Fd3m spinel structure,
but long-range charge and orbital ordering induces an R3m
distortion of a2 x 2 x 2 cubic supercell to give a ground state
structure in which pairs of V3%* and V.8t orbital molecules
(originally thought to be V;'7* heptamers) are found [8,9].
The isoelectronic material GaV,0,4 behaves similarly [10].
The orbital molecules in the R3m structures of these materials
are defined by short V-V distances, and an EXAFS study of
LiV,0; identified similar shortening above 12 GPa at 300 K
[11]. To explore the structural changes further, we have carried
out the high-pressure x-ray diffraction study reported here.

II. EXPERIMENT

Powder x-ray diffraction data were collected at beam-
line ID15B of the European Synchrotron Radiation Facility
(ESRF). A polycrystalline sample of LiV,04 was prepared
by a high-temperature solid state reaction and portions were
loaded into two identical symmetrical-type diamond anvil
cells (DACs) prepared with 300 pwm anvil culets and stainless-
steel gaskets indented to 30 wm. Using helium as the pressure-
transmitting medium, the pressure was controlled online using
a gas membrane and calibrated using online ruby fluorescence
[12]. One DAC was used for measurements at 300 K, with
the pressure increased to 21.0 GPa before the gasket failed.
The second DAC was cooled to 20 K using a He cryostat
and a first set of measurements were made at this temperature
upon compression to 15.3 GPa. The DAC was then warmed to
100 K with pressure maintained and a second set of measure-
ments were made upon decompression from 15.5 GPa at this
higher temperature. The diffraction pattern at each pressure-
temperature step was recorded on a Mar555 2D detector using
a 1 s exposure of 30 keV radiation (A = 0.411536 A), during
which the DAC was rocked by +3°.
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The collected diffraction patterns were processed using
DIOPTAS [13]. The intensities and profiles of the measured
Bragg reflections were found to be strongly affected by
texturing and strain effects, preventing meaningful Rietveld
refinement of the structure from being carried out, although
the lattice parameters of the unit cell could be determined
through Le Bail fitting done using GSAS [14]. The region
260 = 6.0°—7.8° was excluded from all fits to mask a broad
background feature. This feature is relatively weak [maximum
intensity 15 arb. units on the scale shown on Fig. 2(b)] and it
was clear that no significant Bragg intensities were observed
in this region.

III. RESULTS

At ambient pressure, LiV,0, has a cubic Fd3m normal
spinel structure down to the lowest temperatures [15]. Our
diffraction patterns show that this structure also remains
undistorted over the whole range of pressures measured at
300 K [Figs. 1(a) and 1(b)]. This reveals that the structural
response of LiV,04 to pressure varies with length scale, as
while we do not find a long-range crystallographic distortion
below 21.0 GPa at 300 K EXAFS has revealed a local-
structure distortion at 12 GPa at this temperature [11].

The refined volume of the Fd3m unit cell decreases
smoothly with pressure and can be fit with the second-
order Birch-Murnaghan equation of states [16], with Vj =
560.2(2) A3? and By = 123.2(6) GPa [Fig. 1(c)]. This value
of Vy corresponds to cubic lattice parameter ac = 8.244 A,
consistent with previously reported values [15]. The bulk
modulus By is smaller than the 160-180 GPa values mea-
sured for AV,0, vanadium oxide spinels with divalent A-
site cations [17], likely due to the greater compressibility of
monovalent Li™.

A previous high-pressure diffraction study of LiV,04 re-
ported a distortion of the crystal structure above 12.8 GPa at
10 K [3]. Our 20 and 100 K data show clear evidence of a
phase transition at 12.1 GPa and higher pressures [Fig. 2(a)].
An apparent small splitting of the cubic-(551) reflection at
260 = 20.9° is observed in the 6.6 GPa data shown in the
right-hand panel of Fig. 2(a). However, this is attributed to
nonhydrostatic pressure effects as no other peak splittings
are observed at this pressure, and the apparent splitting is
not present in the 9.2 GPa data. The high pressure phase of
LiV,0,4 was previously suggested to have R3m symmetry,
similar to the distortion that occurs in AlV,04 at ambient
pressure [8]. In the diffraction patterns we collected at 20
and 100 K, the proposed R3m symmetry does not account
for all of the observed reflections [Fig. 2(a)]. Instead, a
monoclinically distorted R3m unit cell, described as having
C2/m space group symmetry in the Le Bail fits although C2
and Cm symmetries are also possible, is required to index the
observed reflections [Fig. 2(b)]. The metrically cubic lattice
parameters of this monoclinic unit cell are ay = \/Eac,
by = ey = ac/~/2, and B = 125.26°, and its volume is half
that of the cubic cell: V3 = V-/2. Fits using other structural
symmetries, or a mix of cubic and rhombohedral phases, give
poorer agreement with the data [Fig. 2(c)]. Therefore, Le Bail
fits of either a Fd3m or a C2/m unit cell were made to all of
the diffraction patterns collected at 20 and 100 K, and these
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FIG. 1. Le Bail fits of an Fd3m unit cell to the 300 K diffraction
patterns of LiV,0; at (a) 0.2 GPa (R,,, = 26.3%, x> =3.29) and (b)
21.0 GPa (R,,, = 35.6%, x> = 4.28). Although the Bragg profiles
are affected by texturing and strain at high pressure, no peak splitting
occurs. (c) Fit of the Birch-Murnaghan equation of states to the
refined volumes of the Fd3m unit cell at 300 K.

determine that the transition between these two phases occurs
at 11 GPa at 20 K and 12 GPa at 100 K as shown in Fig. 3.
Fits of the Birch-Murnaghan equation of states to the values of
Vc and 2V), obtained at 20 K give V) = 558.0(1) A3 and By =
139.6(9) GPa for the F d3m phase, and Vo = 555.6(8) A3 and
By = 123(2) GPa for the monoclinic phase. From these val-
ues, a volume decrease of 1.25% at the phase transition can be
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FIG. 2. (a) Diffraction patterns collected at 20 K reveal that the 111 (20 = 4.97° at 0.2 GPa) and 444 (260 = 19.96° at 0.2 GPa) Bragg
peaks of the Fd3m structure each split into three at high pressure. For the suggested R3m distortion [3] these peaks should only split into
two. (b) Le Bail fit of a monoclinic C2/m unit cell to the diffraction pattern of LiV,0,4 at 20 K and 15.3 GPa (R,, = 22.0%, x% =0.94).
(c) Comparison of the high-angle region of the fit in (b) to those of fits of R3m (Ryp = 27.6%, x2 = 1.47), AlV,04-like R3m-supercell
(Ryp = 26.1%, x* = 1.32), and coexisting R3m and Fd3m (R,,, = 25.9%, x* = 1.30) unit cells.

determined. A pressure-induced softening of the lattice is also
notable, as By decreases by 12% through the transition. This
is consistent with the orbital molecule formation described
below, as this leads to weakening of the V-V interactions
between the bonded clusters so the lattice softens.

In the Fd3m structure of LiV,0,, each V cation has six
equidistant V nearest neighbors. From the Birch-Murnaghan
fit to V¢ at 20 K this Fd3m phase is predicted to have a
lattice parameter ac = 7.99 A at 15.3 GPa, corresponding
to a V-V nearest-neighbor distance of 2.82 A if it was to
remain undistorted, though LiV,04 actually adopts a C2/m
or lower symmetry monoclinic structure under these condi-
tions. In this structure there are three V crystallographic sites
(Table I) and four distinct V-V nearest-neighbor distances that
become inequivalent under the monoclinic lattice distortion,
even if the V atoms remain at their Fd3m-cell coordinates.
From the 20 K-15.3 GPa Le Bail fit [Fig. 2(b)] refined lat-
tice parameters ay = 9.8552(8) A, by =5.612805) A, ¢y =
5.6004(7) A, and B = 125.844(6)° are obtained, for which the
V-V distances with the V atoms at their Fd3m-cell coordi-
nates are 2.7929(3) A (V1-V2 x 2), 2.8002(4) A (V1-V3),
2.8064(2) A (V2-V2), and 2.8354(2) A (V2—V3 x 2). Four
of these six distances are shorter than that predicted for the
cubic phase under the same conditions.

Shortening of metal-metal distances is the signature of
orbital molecule formation [7]. Many vanadium oxides have
orbital molecule ground states—(V**), dimers form in VO,
below the Peierls transition [18] and in V407 [19], while
(V3+);3 trimers are found in LiVO, [20] and BaV(O;s [21],
and (V371); trimers and (V*1), tetramers coexist in A1V,04
[9] and GaV,04 [10]. In all of these materials, the orbital
molecules emerge through an ordering transition where the
lattice distorts and a change of symmetry allows ordered
displacements of the V atoms. The V-V nearest-neighbor
distances in the ground states of VO, (P4,/mnm to P2,/c,
Twi = 340K), LiVO, (R3m to 3 x 3 x 1 R3m supercell,
Ty ~ 450K) and AlV,0y (Fd3m to R3m, Tco = 700 K) are
compared in Table II. For each material, two sets of V-V
distances are given—“undisplaced” values calculated from
the unit cell parameters (i.e., assuming that atoms remain
at the same coordinates as in the high-temperature struc-
ture after transformation to the low-temperature cell set-
ting), and the experimentally determined “displaced” values
that result from the lattice distortion and the refined vana-
dium coordinate shifts. The displaced values show a much
greater dispersion between short and long V-V distances,
which are respectively those within and between the orbital
molecules.
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FIG. 3. Refined cell parameters of LiV,0, at (a) 20 K and (b)
100 K, obtained from Le Bail fits of Fd3m and C2/m unit cells. The
transition between these two phases occurs at 11 GPa for 20 K, and
at 12 GPa for 100 K. Fits of the Birch-Murnaghan equation of states
to the unit cell volumes of the two phases at 20 K are shown.

For LiV,0y4, both the range of undisplaced V-V distances
calculated from the monoclinic cell parameters at 20 K and
15.3 GPa and the range of displaced distances from a previous
EXAFS analysis at 21.7 GPa and 300 K [11] are comparable

TABLE L. Wyckoff positions and transformed F d3m-cell coordi-
nates of the vanadium sites in the monoclinic C2/m cell of LiV,0;,.

Site Wyck. X y Z
\%! 2d 0 0.5 0.5
V2 4e 0.25 0.25 0
V3 2b 0 0.5 0

FIG. 4. C2/m unit cell of the high-pressure monoclinic phase of
LiV,0,, shown in relation to the Fd3m unit cell of the low-pressure
phase. All atoms in the monoclinic cell are shown (yellow = Li,
blue = V, red = O), at their Fd3m-cell positions. For the V sublattice
this means that all V-V nearest-neighbor distances are equivalent;
however, the monoclinic distortion breaks this equivalence, and the
distances that become shorter and longer than the cubic one are
shown as solid and dashed bonds, respectively.

to those for the orbital molecule vanadium oxides in Table II.
C2/m symmetry fixes the V atoms at their undisplaced sites,
but C2 or Cm symmetry gives them some variable coordinates
that permit movement to displaced positions. Hence it is
highly likely that the low-temperature, high-pressure insulat-
ing phase of LiV,04 has an orbital molecule ground state
with C2 or Cm space group symmetry. In a charge-ordered
LiV3*V# 0y insulator, up to two and one V-V bonds are

T T v T .
3000 ODOOD OO OO OOMOO OOO0OO OO0 04
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o
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FIG. 5. Pressure-temperature phase diagram of LiV,04. The
solid line demarcates the Fd3m and C2/m phases that we have
observed, while the dashed lines follow the boundaries between
regions of metallic, intermediate, and insulating behavior previously
determined by optical measurements [4]. These likely correspond
to regions where V-V bonding is, respectively, absent, partial and
saturated, while the orbital molecules (OMs) formed by this bonding
become ordered through the transition to the monoclinic phase.
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TABLE II. Comparison of V-V nearest-neighbor distances (in A) in the orbital molecule ground states of VO,, LiVO,, and AlV,0, to
those found in the monoclinic phase of LiV,0,. For each material, the undisplaced column lists the V-V distances that are calculated from the
low-temperature unit cell parameters without any displacements of the atomic sites, while the displaced column lists the distances from the
refined crystal structures, when available, which also include atom displacements. The low-temperature crystal structure of LiV,0,4 could not
be refined here but the range of displaced distances determined by a previous EXAFS study [11] is similar to the dispersion of V-V distances

in the other orbital molecule examples.

VO, LiVO, AlV,0, LiV,0,
Undisplaced Displaced Undisplaced Displaced Undisplaced Displaced Undisplaced Displaced
293 K [18] 300 K [20] 300 K [9] 20 K, 15.3 GPa [This work] 300K, 21.7 GPa [11]
2.61 2.79
2.88 2.60 2.83 2.54 2.88 2.62 2.80 2.66-3.08
3.19 3.00 2.92 3.01 2.81
3.04 2.84
3.14

expected per V4* (d') and V3* (d?), respectively, according
to simple valence bond rules, so V atom displacements are
expected to lead to the shortening of a subset of the short
undisplaced V-V distances within the monoclinic unit cell
shown in Fig. 4.

IV. DISCUSSION

The pressures at which we have observed the Fd3m to
monoclinic crystallographic distortion in LiV,QOy4, 11 GPa at
20 K and 12 GPa at 100 K, are close to that of 12.8 GPa
at 10 K at which a distortion in this material had previ-
ously been reported [3]. However, as shown in Fig. 5, the
structural phase boundary lies to higher pressures and lower
temperatures than the previously reported boundary between
the regions of intermediate and insulating behavior. The pres-
sures at which the resistivity and magnetism of LiV,04 have
been reported to change [3,5], as well as the local-structure
distortion identified by EXAFS [11], seem to coincide with
the metallic-intermediate boundary. It was suggested that the
intermediate region of the phase diagram exists because the
transition between the metallic and insulating phases occurs
gradually, through the development of insulating grains [5].
However, no coexistence of cubic and monoclinic phases is
observed in the intermediate region in our study, and instead
a complete conversion between the cubic and monoclinic
phases occurs abruptly at the determined pressures. A more
likely explanation is that orbital molecules are formed locally
through electron localization in the intermediate region, but
without their long-range order.

The metallic-intermediate boundary for LiV,0O4—at which
the local structure distorts and the electronic properties of the
material start to change on pressurization—indicates the pres-

sure at which strong electron-electron correlations start to lead
to charge localization and the emergence of local V-V bonding
interactions. As the pressure is increased through the inter-
mediate region more and more cations form bonds with their
neighbors, hence the gradual conversion from metallic and
local moment to insulating and spin-singlet behavior in this
region. At the intermediate-metallic boundary—above which
the electronic properties do not change with further increases
of pressure—pairing of valence d electrons in V-V bonds is
likely complete. Long-range order of the orbital molecules
occurs at a still higher pressure, through the transition between
Fd3m and C2/m (or more likely C2 or Cm) structures that we
have observed. A strong precedent for the formation of disor-
dered orbital molecules in the cubic spinel phase of LiV,04
approaching the monoclinic phase boundary is provided by
AlV,04 and GaV,0y, in which disordered orbital molecules
have been evidenced up to 1100 K, well above the structural
transitions (at 700 and 450 K, respectively) below which long
range orbital molecule order is observed [9,10]. In addition,
local, disordered trimeron orbital molecules have been evi-
denced up to the 850 K Curie point in the spinel magnetite
Fe;0,, far above the electronic ordering (Verwey) transition
at 125 K [22]. Further high-pressure crystallographic studies
will be needed to determine the space group and full mono-
clinic structure of LiV,0y, and hence to confirm the presence
and nature of the expected orbital molecules.
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