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A Study of the Ternary Oxide LiVO, and Its Anomalous Behavior
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Nonstoichiometric LiVO, and its unusual magnetic, electrical, and thermal phase transition near 200°C
were studied using X-ray diffraction, IR and EPR spectroscopy, thermoanalytical methods, and mea-
surements of electrical resistivity and magnetic susceptibility. The transition is semireversible, appear-
ing to be noncooperative and of higher or multiple order. It has been concluded that the driving force
for the transition is not a structural instability, but rather a critical distance phenomenon involving a
change in the V**-V3* bond type. The low-temperature data are interpreted in terms of a two-
dimensional vanadium ‘‘metal cluster layer’’ formed via covalent-type metal-to-metal bonds; above T,
narrow-band metallic behavior sets in within the vanadium planes. The phase transition in LiVO; is
similar to that of TiCl;, and is also very similar to the semiconducting-to-metallic transformations in

VO, and V,0;. © 1986 Academic Press, Inc.

Introduction

The preparation of the compound LiVO,
was first reported in 1954 by Riidorff and
Becker (7). The compound was obtained as
a black powder, and X-ray diffraction indi-
cated a trigonal structure isotypic with that
of a-NaFeQ,. This structure is a sodium
chloride derivative in which the different
cations are segregated on alternate (111) cu-
bic planes. It is depicted in Figs. 1a and b
from a “‘cubic’’ and a ‘*hexagonal’’ point of
view, respectively.

Magnetic effects indicating the existence
of a phase transition in LiVO; were first
reported in 1957 by Bongers (2). A fourfold
increase in the molar magnetic susceptibil-
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ity was observed upon heating through 450
K; at higher temperatures the susceptibility
displayed only slight temperature depen-
dence.

Reuter ez al. (3) reported an abrupt de-
crease in electrical resistivity as LiVO, was
heated through 180°C; semiconducting be-
havior was observed in the polycrystalline
sample both above and below the transition
temperature.

Kobayashi and co-workers (4) conducted
a detailed study of the Li,V,_,0, system
using high-temperature X-ray powder dif-
fraction and measurements of specific
heats, magnetic susceptibilities, and electri-
cal resistivities. The earlier results of
Bongers and Reuter for LiVO, were con-
firmed, and the endothermic (upon heating)
transition enthalpy was measured. The
transition was characterized by reversibil-
ity and hysteresis. The high-temperature X-
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Fi1G. 1. The a-NaFeO, structure (R3m): (a) “‘cubic” point of view; (b) ‘‘hexagonal’’ point of view.

ray diffraction results indicated a discontin-
uous volume change at the transition
temperature, T;, but no change in symmetry
was observed. Upon heating through T the
hexagonal a axis was found to expand
whereas the ¢ axis contracted, resulting in
an overall volume increase of 1-2%.

A mechanism for the phase transition in-
volving complex antiferromagnetism in a
two-dimensional triangular array was pro-
posed by Bongers (2). Goodenough (5) and
Kobayashi (4) have suggested the forma-
tion of triangular vanadium metal clusters
in the low-temperature region (6). Since no
crystallographic distortion could be de-
tected by X-ray powder diffraction below T,
and single crystals were unavailable for de-
tailed structural studies, experimental sup-
port for these suggested mechanisms has
been lacking.

Typical preparations of LiVO; powder
have employed reactions between lithium
carbonate and vanadium oxides. Evidence
for the formation of LiVO, via the electro-

chemical reduction of LiVO; in a LiClI-KCl-

eutectic has also been reported (7). A sec-

ond polymorph of LiVO, has been obtained
in the form of black cubic crystals using
high-pressure methods (8). A single-crystal
X-ray diffraction study indicated a cubic at-

camite-type sodium chloride superstruc-
ture. Recently, the preparation of crystals
of a-NaFeQ,-type LiVO, has been reported
(9). The crystals exhibited two morpholo-
gies—hexagonal platelets and octahedral
dendrites-——and were obtained using a
fused-salt electrolytic method. The Gan-
dolfi X-ray diffraction patterns of the crys-
tals were very similar, while TGA and EPR
results indicated similar, nonstoichiometric
compositions.

The present report describes the results
of an in-depth study of the LiVO; system,
which was found to be nonstoichiometric.
The nature of the unusual phase transition
has been investigated, and a semiconduct-
ing-to-metallic mechanism is proposed.

Experimental Methods

Polycrystalline Li,VO, was prepared by
reacting lithium carbonate with V,05 under
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a flowing argon/hydrogen mixture (10:1,
respectively). Stoichiometric quantities of
the reactants plus a 5% excess of Li;COs
were thoroughly ground together in an ag-
ate mortar and then heated in an alumina
boat in two steps. The first heating of a typi-
cal 3 to 5-g preparation was carried out at
625°C for 14 hr. Samples were cooled
abruptly just outside the heating zone under
the reducing atmosphere, reground, and re-
heated at 750°C for 4 hr. Subsequent heat-
ing did not detectably alter X-ray diffrac-
tion patterns or stoichiometry. Excess
lithium carbonate could be removed from
the product by leaching with dilute acetic
acid. X-ray powder diffraction indicated no
sample degradation by this treatment.
Crystals of Li,VO, were obtained in the
form of brilliant black hexagonal platelets
and octahedral-like dendrites using a fused-
salt electrolytic method described else-
where (9).

Experimental methods employed for
chemical analysis, X-ray diffraction, ther-
mogravimetric analysis (TGA), differential
scanning calorimetry (DSC), and measure-
ment of magnetic susceptibilities have been
previously described (9). A high-tempera-
ture X-ray camera (Central Research Labo-
ratories, Inc.) was used to obtain the pow-
der patterns of polycrystalline samples
above and below the transition tempera-
ture. Crude resistivity measurements were
made on compressed (25 tons) disks (8 mm
diam; 0.1 mm thick) of Li, VO, powder and
dendritic crystals. Resistance was mea-
sured directly with a Keithley 177 uV
DMM multimeter using an x-y recorder and
a chromel-alumel thermocouple; the sam-
ple pellet was heated in a silica tube in a
tube-type furnace under flowing nitrogen.
Infrared spectra of finely ground powders
in KBr pellets were obtained in the 4000- to
400-cm ™! region with a Nicolet Model 60SX
FTIR spectrophotometer. A high-tempera-
ture pellet transmission cell (Barnes Co.)
with a temperature controller was used to
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obtain spectra at various temperatures. X-
band EPR spectra of neat powder samples
at 80 and 298 K were obtained using a
Varian E-3 spectrometer.

Results

As described previously (9), atomic ab-
sorption spectrophotometry and TGA have
indicated that LiVO, powder and both
types of LiVO, crystals are similarly lith-
ium-deficient. The TGA results indicate a
common formula of Liy;VO,.! This implies
the presence of 0.3 mole V#* per mole of
compound. The presence of a substantial
quantity of an odd-electron species was
supported by the observation of a strong,
although uncalibrated, EPR signal from
Liy VO, powder at 80 K.

The anomalous magnetic behavior ac-
companying the phase transitions in the
various forms of Liy;VO; is shown in Fig.
2. In general, heating through the phase
transition is accompanied by a marked in-
crease in susceptibility. In the high-temper-
ature region, the temperature dependence
of the susceptibility is greatly reduced.
Slight differences in magnetic behavior are
observed for the various forms of Lig;VO,;
the magnetic transition is weakest in the
platelet-type crystals. All the samples,
however, exhibit unique first-cycle curves
with higher transition temperatures and
greater hysteresis than in subsequent heat-
ings; this unique first-cycle behavior did not
reappear in a sample which was allowed to
rest for months after 17 DSC cycles. In all
of the freshly prepared samples, the ob-
served magnetic moments were lowest
prior to the first heating through the transi-
tion temperature. An irreversible compo-
nent of the phase transition apparently
causes a permanent increase in magnetic

!In the TGA analyses under flowing oxygen (9),
each mole of Li,VO, takes up [(1 + x)/4] moles O,
upon complete oxidation.
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FiG. 2. Magnetic behavior of various forms of Liy;VO,—inverse susceptibility and effective mo-
ment vs temperature: (a) powder; (b) dendrites (well crystallized); (c) dendrites (poorly crystallized);
(d) platelets.
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Fic. 3. First- and second-cycle endotherms for
Liyp7VO;: (a) powder; (b) platelets; (c) dendrites, well
crystallized; (d) dendrites, poorly crystallized.

moment and decrease in transition temper-
ature.

Similar semireversibility and dependence
upon sample history is observed in the ther-
mal effects which accompany the phase
transition. The DSC curves of two heating
cycles for the various forms of Liy;VO, are
given in Fig. 3; X-ray diffraction patterns of
samples before and after cycling were un-
changed. Differences in the shapes of the
curves, transition temperatures, and asso-
ciated enthalpies are observed. The endo-
thermic enthalpies for the various forms
varied from 500 to 1000 cal/mole. This
quantity of heat is similar to that associated
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with the phase transition near 70°C in VO,
(800 cal/mole) which has been associated
with a crystallographic distortion and the
formation of V4*—V*+ pairs.

As seen in Figs. 2 and 3, the phase transi-
tion in Lig7,VO, is very gradual and takes
place over a 50 to 100° temperature range.
The transition mechanism appears to be
strongly affected by kinetic factors and is
very sensitive to heating rate. As seen in
Fig. 4, the phase transition is almost nonde-
tectable by DSC when the heating rate is
decreased by an order of magnitude. This is
consistent with a gradual, as opposed to co-
operative (10), mechanism. Although the
volume discontinuity and observation of
hysteresis might be interpreted as first-or-
der character, the gradual, noncooperative
nature of the phase transition in Liy;VO,
indicates that a multiple- or higher-order
process is occurring. The transition is also
characterized by a strong dependence on
sample history; surface energy, particle
size, and grain boundaries may have impor-
tant thermodynamic effects.

The electrical/ionic conductivity effects
accompanying the phase transition in
Lip,VO, are shown in Fig. 5. Since poly-
crystalline samples were used, only a quali-
tative statement can be made: as Lig,VO, is
heated through its phase transition, a sub-
stantial increase in conductivity occurs.
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F1G. 4. DSC of Liy,VO, powder at different heating
rates.
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F1G. 5. Conductivity vs reciprocal temperature (K)
of a compressed disk of Liy,VO, dendrites.

Infrared spectra of Liy;VO, powder at
various temperatures during the heating
and cooling portions of a first heating cycle
are shown in Fig. 6. The absorption band
near 870 cm™! is due to a trace of Li,CO;
which was not removed from this sample.
As seen in Fig. 6a, the infrared spectrum of
Lip;VO, above the phase transition be-
comes very broad, and the prominent bands
at 715 and 605 cm™! are virtually absent.
These bands reappear as the compound is
cooled through T, as seen in Fig. 6b. These
observations are consistent with covalency
in the low-temperature region and metallic
character above T,.

Refined unit cell dimensions for various
Lig,VO, samples are collected in Table I.
The Gandolfi patterns of the crystais and
the Debye-Scherrer pattern of the powder
were nearly identical, with only slight dif-
ferences in intensities (9). The very similar
specific volumes, in conjunction with the
results of the TGA analyses (9), are consis-
tent with a common stoichiometry. As
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compared with an equivalent-volume hex-
agonal cell with ideal cubic close packing
(ccp) (Table I), it is seen that the room-
temperature unit cell of Liy;VO; is ex-
panded in the ¢ direction and contracted in
the a direction. This results in an abnor-
mally high c/a ratio and an unusually small
rhombohedral angle (a). Viewed in terms of
perfect sphere-packing, the structure is
contracted within the cp layers, and ex-
panded in the perpendicular direction. The
unit cell data in Table I for Lip ; VO, powder
below and above the transition temperature
indicate that as the compound is heated
through 7,, this packing distortion re-
laxes—the ¢ axis decreases while the a axis
increases—and the various parameters ap-
proach the ideal ccp values. A 5% volume
increase accompanies this process, and no
change in symmetry could be detected.

The Gandolfi X-ray powder pattern for
the hexagonal platelet-type Liy;VO, crys-
tals could be indexed (as indicated in Table
I) on the basis of an a-NaFeO, type hexago-
nal cell (space group R3m); however, pre-
cession photographs taken of a crystal us-
ing long exposure times indicated a
hexagonal superstructure with an a axis
larger by a factor of 2V3 (9).

Precession photographs of a large octa-
hedral-type crystal were anomalous in ap-
pearance (9). A photograph of the ‘‘4k0”’
net, assuming cubic symmetry, is shown in
Fig. 7. Symmetrical and selective doubling
of certain reflections was consistently ob-
served from sample to sample and could

TABLE [
UNiT CELL PARAMETERS FOR LiVO, COMPOUNDS

Sample a (A) c (A) cla a° AYz
Powder 2.841(1) 14.75(1) 5.192 31.81 3437
Dendrites 2.842(1) 14.73(1) 5.183 31.86 34.34
Platelets 2.842(1) 14.75(1) 5.190 31.80 34.39
(Ideal ccp) 2.897 14.19 4.90 3357 34.40
Powder, 25°C 2.846 14.87 5.225 31.62 34.77
Powder, 300°C  2.930 14.78 5.044  32.67 36.63
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F16 6. IR spectra of Liy;VO, powder during a first heating cycle: (a) heating; (b) cooling.

not be eliminated by improved sample
alignment. Calculated X-ray diffraction pat-
terns for LiVO,, LiVO, with ‘‘ideal ccp”
cell parameters, and an observed pattern
for Liy,VO; are given in Figs. 8a~c, respec-
tively. The strongest set of resolved dou-
blets near the center of the precession pho-
tograph in Fig. 7 corresponds to the (018)
and (110) reflections, seen as moderately
strong lines at 31.6 and 32.9° in Figs. 8a,c.
Removal of the packing distortion de-

scribed previously leads to the coalescence
of these reflections, as seen in the calcu-
lated pattern for LiVO, with ideal ccp (Ta-
ble I), shown in Fig. 8b. Similarly, the other
doublets observed in the precession photo-
graph correspond to reflection-pairs such as
(009)/(107), (00,12)/(024), and (11,12)/(214)
which are also observed to coalesce to a
single reflection upon idealization of the
packing. Although the dendrite-type crys-
tals have adopted a pseudo-cubic habit, the
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Fi1G. 7. ““hk0’’ net (cubic basis) for octahedral-type
Liy;VO; crystal.

spot-doublings indicate that the actual sym-
metry is lower.

Discussion

In the layered NaCl-derived structure of
LiVO,, each VOg4 octahedron shares six
edges with other VOg octahedra within the
basal plane. Goodenough has pointed out
that in such edge-sharing systems, the
strongest interactions may be direct cation-
to-cation processes involving no anion in-
termediary (5, 10, 11). The strength of
these interactions depends on the cation-
cation separation (R) and the occupancy of
the d orbitals, especially the ;, set which
can be directed toward all the edges of the
octahedral coordination polyhedron. The
cation—cation interactions are classified as
“‘strong’’ or ‘‘weak,”’ depending on a “‘crit-
ical’” intercation separation (R.), below
which direct overlap of the #,; orbitals oc-
curs and the interacting electrons are best
described by a collective-electron, Hartree-
Fock-type model. When the intercation
separation is greater than the critical dis-
tance, a localized, Heitler-London-type
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model is appropriate. Compounds with R <
R, are predicted to be metallic while those
with R > R. should be insulators or semi-
conductors. When R = R_, narrowband me-
tallic behavior is possible as well as semi-
conductor-to-metallic transformations in-
volving spin pairing in cation—cation bond
formation.

In LiVO,, R=2.84 A < R. =294 A
(11). We suggest that the phase transition is
driven by a change in the V3*-V3* bond
type which results in a semiconducting-to-
metallic transformation within the vana-
dium planes. Since the vanadium planes are
separated by intervening layers of oxygen,
lithium, and oxygen ions, strong interplanar
interactions are not likely. The phase tran-
sition is therefore a two-dimensional pro-
cess. The vanadium atoms within a basal
plane in the a-NaFeO, structure are sym-
metrically equivalent and comprise a hex-
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agonal, six-connected net. Each vanadium
atom is surrounded by six other equidistant
and coplanar vanadium atoms at distances
indicative of direct t,y—t,, orbital overlap. In
the low-temperature region, continuous
overlapping of the f#,; orbitals throughout
the basal plane could facilitate delocalized
covalent V3*-V3* bonding, each vanadium
plane thus comprising an infinite, hexago-
nally symmetric, ‘‘two-dimensional metal
cluster.”” The average vanadium-vanadium
bond in stoichiometric LiVO; (d?) would be
4" of a single V3*-V3+ covalent bond.
This bonding scheme in the low-tempera-
ture region is consistent with the packing
distortion observed in the LiVO; system—
contraction within the layers and elonga-
tion perpendicular to them. Above the tran-
sition temperature, this packing distortion
relaxes as the compound becomes a two-
dimensional narrow-band metal. In this
model, no change in [attice symmetry is re-
quired since the vanadium bonding is axi-
ally symmetric in both the high- and low-
temperature phases. This is in agreement
with crystallographic studies which have
thus far detected no such symmetry
change. The absence of a symmetry lower-
ing is also consistent with the observed
noncooperative, gradual nature of the
phase transition (10). Since lithium ions do
not appear to be directly involved in the
phase transition, and since the critical dis-
tance for V4* is predicted to be the same as
that for V3* (I1I), the process occurring in
Lip VO, may not be fundamentally differ-
ent from that occurring in the stoichio-
metric compound.

The relatively low magnetic susceptibil-
ity, the nature of the infrared spectra, and
the reduced conductivity observed in the
low-temperature region are consistent with
covalent bonding in Liy,VO; below T;. In
addition, Bongers and Locher (6, 12) have
obtained 'V NMR spectra of LiVO, at vari-
ous temperatures; below 7T, the spectrum
was temperature independent and exhibited
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appreciable quadrupolar coupling, both ef-
fects being consistent with covalency. This
spectrum is remarkably similar to that of
VO, (13) in its low-temperature region with
covalently bonded V4*—V** pairs.

The 'V NMR results (6, 12) also provide
evidence of metallic behavior in LiVO,
above the phase transition: upon heating
through T, the intensity of the signal
abruptly decreased and was reduced to a
single resonance with no observable quad-
drupolar interaction. These observations
are consistent with itinerant electrons and
metallic-like bonding above T,. The chemi-
cal shift was temperature-independent and
slightly larger in the high-temperature re-
gion—an effect similar to the Knight shift
observed in metallic systems—and its mag-
nitude (+0.61%) was nearly the same as
that observed for vanadium metal (+0.58%)
(14).

The relatively featureless infrared spec-
tra of Lig;VO, above T, obtained in the
present study also indicate metallic bonding
in the high-temperature phase. Although
enhanced conductivity is observed in this
region, experimental confirmation to date
of an increasing resistivity with tempera-
ture above 7, may have been precluded by
the use of polycrystalline samples and the
two-dimensional nature of the metallic in-
teraction. Anisotropic electrical resistivity
measurements on large single crystals of
LiVO; are needed. However, narrow-band
metallic behavior in the high-temperature
region is indicated by the minimal tempera-
ture dependence of the magnetic suscepti-
bility, which has been measured up to 1150
K by Bongers (6, 12). This behavior is
nearly identical to that of VO, and V,0; (5),
which are known to undergo semiconduc-
tor-to-metal transformations; furthermore,
the magnitude of the susceptibility ob-
served for Liy ;VO, above T, is intermediate
between those of VO, and V,0; in their
high-temperature, metallic regions. As in
the LiVO, system, the corundum-type
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structure of V,0; exhibits an anomalously
large c/a value, which has been similarly
attributed to metal-metal interactions
across shared octahedral edges (15).

The transition in Liy;VO; is strikingly
similar to that of TiCl; (16, 17). TiCl,
adopts the two-dimensional FeCl; struc-
ture; Ti** (d?Y) ions occupy two-thirds of the
octahedral sites in alternate layers of a
close-packed chloride matrix. The posi-
tions of the metals within the layers form a
hexagonal three-connected net, which is
derived from the six-connected vanadium
net in LiVO, by removing one-third of the
metal ions. Compared to V3* (d?) in LiVO,,
each Ti** has half as many Ti3* neighbors
as well as half as many d electrons; the co-
planar cation-cation interactions across
shared octahedral edges are expected to be
strong because of the short titanium-tita-
nium distance (5). The magnetic profile of
the phase transition in TiCl; near 200 K (16)
is very similar to that of LiVO,, but the
temperature dependence of the magnetic
susceptibility above T; as well as aniso-
tropic electrical resistivity measurements
on single crystals (/7) indicate that the
high-temperature region is characterized by
localized rather than itinerant electron be-
havior. The transition in TiCl; is therefore
of the semiconductor-to-semiconducior
type. As in the LiVO, system, discontinui-
ties in the hexagonal ¢ and ¢ axes were ob-
served, but no change in symmetry was de-
tectable; the formation of a ‘‘bonding-
band’’ within the titanium layers below T
was suggested (/6).

Conclusion

The thermal and magnetic properties of
the semireversible phase transition in
Liy,VO, were studied in detail. The first
heating cycles of all forms (crystals and
powder) consistently displayed unique
properties and were always accompanied
by the largest hysteresis effects. The transi-
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tion is very gradual in nature and appears to
be noncooperative and of higher or multiple
order. The details of the properties are
markedly dependent upon sample form and
history. By considering all the available ex-
perimental data, it has been concluded that
the driving force for the transformation is
not a structural instability, but rather a criti-
cal distance phenomenon involving a
change in the V3*-V3* bond type from co-
valent to metallic. An interpretation of the
process has been offered and is based on
the formation, in the low-temperature re-
gion, of a two-dimensional ‘‘metal cluster
layer”’ via covalent-type V3*-V3*+ bonds.
Above the transition temperature, LiVO,
becomes a two-dimensional narrow-band
metal. Similarities have been pointed out
between the transition in the LiVO, system
and the semiconductor-to-semiconductor
transition in TiCls, and the semiconductor-
to-metal transitions in VO, and V,0s;. The
layered a-NaFeO, structure of LiVO, per-
mits the formation of a comprehensive elec-
tronic network linking all the coplanar tran-
sition metal ions via a continuous
overlapping of t,, orbitals. This appears to
be an optimal structural arrangement for
permitting strong, direct cation—cation in-
teractions which seem to typify other inter-
esting vanadium-oxygen systems such as
V203, V407, and VOz
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