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Direct observation of a pressure-induced metal-insulator transition in LiV2O4 by optical studies
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The metal-insulator (MI) transition in LiV2O4 has been studied by optical measurements in infrared regions at
low temperatures and under high pressures. At 40 K, the metal phase under ambient pressure changes gradually
into the insulating state under pressures above 7 GPa, where the newly opened 2� gap is estimated to be ∼0.4 eV.
At pressures higher than 8 GPa, the precursor of the structural phase transition is observed as a redshift of the
transverse optical phonon peak in the far-infrared (FIR) region with decreasing temperatures. The behavior of this
pressure-induced MI transition is observed not only at low temperatures but also at room temperature. At 300 K,
a decrease in conduction carriers with pressure is also detected as a gradual suppression in the Drude response of
the FIR region below 0.1 eV, with a ten- to 20-fold decrease in the optical conductivity. Extensive investigation
of the optical response revealed a successive transformation of the electronic state in a region between the
metal and the insulator phases in the pressure-temperature phase diagram. The redshift is only observed near the
boundary to the insulator phase (boundary 2), where a complete homogeneous structural change appears to occur.
On the contrary, an inhomogeneous structural change is realized in the intermediate phase between the metal
and insulator phases, between boundaries 1 and 2, accompanied by a topographic localization or a short-range
alternation of the valence.
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I. INTRODUCTION

The heavy fermion (HF) state in 3d electron
transition-metal oxides is one of the most attractive topics
in solid-state physics from the viewpoint of unique Kondo
mechanisms. The general Kondo mechanism of f -electron
systems requires both the conduction electron and localized f
electron, in which c-f hybridization between the conduction
and f electrons is responsible for the spin-singlet state. On
the contrary, another scenario can be proposed to explain
the Kondo mechanism in d-electron systems because of the
itinerancy of d electrons. Scenarios such as the frustrated spin
interaction, nearly magnetic state with a strongly degenerated
ground state, and deformation of the valence band with
both itinerant and localized characters have so far been
considered.

These scenarios have been examined over the past decade
by theories and experiments to explain the low-temperature
Fermi-liquid behavior in the ternary transition-metal oxide
LiV2O4.1–28 The first HF behavior in a 3d-electron system
was found in this compound.29,30 This compound has a
spinel structure, with the nearest-neighbor vanadium triangu-

lar network forming the pyrochlore-type sublattice. Among
considerable spinel systems, only a few have been found
to exhibit metallic behavior. In the early studies of the
polycrystalline samples, the precise solid-state properties of
LiV2O4 were unclear.1,2,6,7,29–33 Clear evidence of metallicity
and HF behavior have been obtained with single crystals.34–39

With regard to the Kadowaki-Woods relation, large values of
A = 2.0 μ� cm/K2 for the coefficient of the T2 term in the
electrical resistivity ρ(T ) and γ ∼ 350 mJ/mol K2 for the
coefficient of the electronic specific heat are comparable to
those of the typical HF compound UPt3.36 Optical reflectivity
under ambient pressure shows a noticeable change in the Drude
response in a wide energy range up to 1 eV with a decrease
in temperature to 6 K.40 Although the magnetic susceptibility
showed Curie-Weiss-like behavior due to a localized magnetic
moment, there was no sign of long-range magnetic ordering
down to 20 mK, in spite of a short-range magnetic correlation
below 20 K. Hence, from a macroscopic perspective, the
low-temperature ground state of LiV2O4 appears to be similar
to that of the common f -electron HF systems under ambient
pressure.
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However, under high pressures and low temperatures,
the characteristic electronic properties of LiV2O4 change
drastically from those of a typical HF metal to those of a
peculiar insulator.41,42 The metallic behavior in the electrical
resistivity changes into the insulating behavior above 6 GPa,
at which the resistivities exhibit complex curvatures with
several steps as a function of temperature. In the ρ-T curve
at 8.5 GPa, the gradient dρ/dT changes continuously from
a positive value to a negative value below 220 K and
changes to a slower negative value below 70 K.41 X-ray
diffraction (XRD) experiments on the powder sample have
revealed that the crystal symmetry changes from a cubic to a
rhombohedral structure with decreasing temperature during
the pressure-induced MI transition.43 A similar structural
distortion has been found in the associated spinel compound
AlV2O4 that is in an insulating state at room temperature
and under ambient pressure.44,45 In AlV2O4, the valence
number alternates spatially as V2+(d3) : V3+(d2) = 1 : 1, and
the so-called charge-ordering (CO) state is realized. Hence,
one can conceive that under high pressures LiV2O4 is likely to
be in the CO state, in which the valence number might alternate
as V3+(d2) : V4+(d1) = 1 : 1 or V3+(d2) : V5+(d0) = 3 : 1.
Indeed, under pressures greater than 13 GPa at room temper-
ature, an extended x-ray absorption fine structure (EXAFS)
experiment revealed that the distribution of the V-V bond
length could be explained by considering the formation of
a cluster of seven vanadium atoms, as proposed for the CO
state in AlV2O4.46,47 7Li NMR studies at low temperatures
and under pressures up to 4.74 GPa have further demonstrated
the enhancement of an antiferromagnetic spin correlation in
LiV2O4.48,49

The purpose of this paper is to examine the change in the
electronic state of LiV2O4 from the normal HF state under
ambient pressure to the insulating state under high pressures.
We have measured the optical reflectivity of LiV2O4 under
high pressures and at low temperatures by using infrared
microscopes tuned to multiextreme conditions. The optical
conductivity spectra derived from the reflectivity spectra
were analyzed, and the MI transition involving the lattice
deformation is demonstrated.

II. EXPERIMENTAL DETAILS

All the optical experiments were performed on the fractured
mirror surfaces of LiV2O4 single crystals. The reflectivity
measurements under multiextreme conditions were carried out
on the infrared microscopes. The far-infrared (FIR) region was
covered by the synchrotron radiation at the beamline BL43IR
in SPring-8 (0.025–0.1 eV).50,51 The higher-energy regions,
i.e., midinfrared (MIR), near-infrared (NIR), and visible
(VIS) regions (0.1–2.5 eV) were covered by conventional
light sources in the university laboratory.52 The temperature
between 10 and 300 K was covered by a liquid-He flow-type
refrigeration unit built into a cryostat. High pressures up
to 20 GPa were applied by a diamond-anvil cell (DAC),
in which the sample and the ruby fragments for pressure
calibration were set on the flat diamond surface (culet) with
a 0.6 mm φ diameter, together with Au foil that was used
as a standard reflector in the same optical alignment. They
were enclosed within the pressure medium by a stainless-

steel gasket. To avoid the pressure-distribution effect, we
paid attention to the measuring conditions. At first all the
pressuring processes were executed at room temperature,
and then the sample temperature was changed. The samples
were placed at the center of the culet of the DAC with the
pressure medium Daphne 7373.53,54 Then the reproducibility
of the spectra was carefully verified. The standard spectrum,
namely, the reflectivity under ambient pressure, was measured
by a Fourier-transform-type spectrometer IFS-66v (Bruker
Optics). The optical conductivity spectra were derived from
the reflectivity spectra with the standard Kramers-Kronig (KK)
transformation.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) summarize the dependence of the
reflectivity and optical conductivity on pressures at 40 K.
The reflectivity and the optical conductivity (σ ) are shown
for a typical case of the pressure-induced MI transition. Under
ambient pressure, the optical spectrum represents a metallic
state with a finite Drude response, which is consistent with
the results of previous reports on the electrical resistivity
and the optical response of LiV2O4.36,40 On applying a high
pressure, the spectrum changes drastically from the initial
spectrum observed under ambient pressure. The reflectivity
starts to change from ∼5 GPa, together with a decreasing
Drude response over a wide energy range extending from ∼0.1
to 1.5 eV [see Fig. 1(a)]. In the optical conductivity spectra
in Fig. 1(b), a hump appears gradually in the MIR region
(0.3–1.5 eV) under pressures above 8 GPa. A clear hump is

FIG. 1. (Color online) Pressure dependence on the reflectivity
(a) and the optical conductivity (b) of LiV2O4 at 40 K.
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FIG. 2. (Color online) Pressure dependence on the reflectivity
(a) and the optical conductivity (b) of LiV2O4 at 300 K.

observed at ∼1 eV under pressures above 10 GPa. This hump
is interpreted as an interband transition. A 2� band gap is
estimated to be ∼0.4 eV from the low-energy rising edge of
this hump.

Although the electrical resistivity shows only a small
pressure dependence, an interesting pressure effect was found
in this study, even at 300 K. In Figs. 2(a) and 2(b), the spectra
show gradual but clear changes toward an insulating state
under high pressures. The Drude response starts to change
under pressures above 9 GPa, and the change continues up
to the present experimental limit of 20 GPa. Similar to the σ

spectra at 40 K, a hump grows in the σ spectra at 300 K under
pressures above 9 GPa in the region between 0.5 and 0.6 eV.
This means that a MI change takes place in this compound
under high pressures not only at low temperatures but also at
room temperature. The difference from the low-temperature
results is that the MI change at 300 K is continuous up to
17 GPa, whereas at low temperatures both reflectivity and σ

spectra do not change much at pressures above 10 GPa in
the region above 0.1 eV. This gradual change at 300 K is
related to the spectral change at 40 K between ∼5 and 10 GPa,
as shown in Fig. 3. Focusing on the results in the FIR region,
there is a prominent peak associated with the IR-active F1u

phonon in a cubic spinel at ∼0.05 eV.40,55 This phonon
becomes broader with a decrease in the Drude component
under higher pressures at both 40 and 300 K, as demonstrated
by the σ spectra in Figs. 1(b) and 2(b). Such a broadened
phonon structure is typically observed in ionic insulators such
as alkali halides and is known as a residual ray band and/or
reststrahlen band.

FIG. 3. (Color online) Pressure-temperature phase diagram of
LiV2O4. Three regions (metal—filled triangles; intermediate—filled
circles; and insulator—filled stars) with two boundaries (boundary
1 and 2) are determined by the optical response. The HF state is
located in the bottom left-hand-side area (shaded) and is estimated
from the NMR experiment (Refs. 48 and 49). The characteristic
points from the other experiments are also plotted in the figure
[EXAFS (Ref. 47)—open circles; XRD (Ref. 43)—open triangles;
and resistivity (Ref. 41)—open diamonds).

Summarizing the results of our experiments, the electronic
states can be classified in the pressure-temperature (P -T )
phase diagram in Fig. 3. There are three distinct regions and
two boundaries based on the observed electronic properties.
In addition to the metal phase under low pressures and the
insulator phase under high pressures, there is certainly an
intermediate phase that exists between the metal phase and
the insulator phase. Our experimental results are shown by
filled triangles, filled circles, and filled star symbols. There are
two boundaries: one between the metal and the intermediate
regions (boundary 1), and the other between the intermediate
and the insulator regions (boundary 2). These regions are
determined from the behavior of the optical spectra as follows.
In the metal phase, the Drude responses in the reflectivity
spectra maintain the spectral shape with temperature and
pressure. In the insulating phase at low temperatures, spectra
above 0.1 eV show a very poor response to pressure. In the
intermediate phase, the spectra show a gradual change from
those of the metal to those of the insulator with pressure.
We also plot the critical points found in previous studies of
the electrical and structural changes in LiV2O4 with open
symbols. These critical points correspond to the structural
phase transition observed in the EXAFS experiment (open
circles),46,47 the (440) diffraction peak splitting in the XRD
experiment (open triangles),43 and the minimum and kink
in the electrical resistivity at 8.5 GPa (open diamonds).41,42

According to this phase diagram, the structural changes
observed in the EXAFS and the XRD experiments correlate
well with boundaries 1 and 2. The minimum and the kink
points observed in the electrical resistivity are also located
near boundaries 1 and 2, respectively. It can be concluded from
these results that the progress in the localization of conduction
electrons is closely related to the structural changes that take
place near the two boundaries. Subsequently, we investigate
the pressure-induced structural phase transitions based on the
details of the phonon-softening behavior in the optical spectra.
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FIG. 4. (Color online) Phonon softening phenomenon observed
in the optical spectra at 11, 13, and 16 GPa.

A decrease in temperature generally results in crystal-lattice
shrinkage, which causes hardening of the crystal and shifting
of phonon peaks toward higher energies in optical spectra.
Figure 4 represents the typical phonon behavior with temper-
ature at high pressures. It must be noted that the peak position
under each pressure shifts clearly toward lower energies, when
the temperature decreases from 300 to 40 K. This phonon
behavior is well known as a phonon-softening phenomenon,
which is a freezing process of the specific phonon mode toward
the structural phase transition.

The transverse optical phonon frequency ωTO can be
estimated from the dielectric function in each pressure-induced
insulating phase. For instance, Fig. 5 represents the reflectivity
(a) and the real and imaginary parts of the dielectric function
[(b) ε1 and (c) ε2] at 40 K and 16 GPa. The static ε(0) and
ε(∞) can be further obtained from the extrapolations of ε1. The
longitudinal optical phonon frequency ωLO and the transverse
optical phonon frequency ωTO can be estimated from the wave
numbers at the zero-cross points of ε1 and at the peak position
in ε2, respectively, as shown in Figs. 5(b) and 5(c). All the
curves of ε2 around ωTO are well fitted by a single Gaussian
peak and a background as shown in Fig. 5(c). The obtained
parameters comply well with the Lyddane-Sachs-Teller (LST)
relation, described as ω2

TO/ω2
LO = ε(∞)/ε(0). The relation

denotes that this pressure-induced insulating phase is in a
unitary and ideal ionic state.

FIG. 5. (Color online) Kramers-Kronig analysis of the reflectivity
spectrum (a) to derive the imaginary and real parts of the dielectric
function ε1, ε2 [(b), (c), respectively] at 40 K and 16 GPa. The
estimated ωTO, ωLO, ε0, and ε∞ from fitting results (dashed lines)
are also indicated with experimental results (solid lines) in figures.

In this manner, the temperature dependence of ωTO as
a function of pressure is shown in Fig. 6. In the metallic
phase under ambient pressure, the phonon peak frequency ωTO

shifts monotonously toward higher energies with decreasing
temperature, due to the phonon-hardening phenomenon. Al-
though the phonon-hardening phenomenon is also observed
for 13 and 16 GPa at high temperatures, the steep drop
in ωTO occurs below ∼200 K due to a phonon-softening
phenomenon. At pressure of 8 GPa, the ωTO increases in
the metallic phase with decreasing temperature and stays
almost constant in the intermediate phase. The results in Fig. 6
demonstrate the completion of the structural phase transition
under high pressures accompanied by phonon softening, which
takes place near boundary 2. One of the likely scenarios for
the change in the intermediate phase is the development of
insulator grains in the metal. Short-range charge localization
develops in the insulator grains in the intermediate phase and
fully occupies the whole crystal in the insulator phase. Under
high pressures and sufficiently low temperatures, the insulator
phase is stabilized without noticeable spectral changes. Other
experimental results obtained from previous studies also
support this scenario, and can be explained as follows. For
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FIG. 6. (Color online) Changes of ωTO as a function of the
temperature under 0 (ambient pressure), 8, 13, and 16 GPa.

electrical resistivity, two characteristic transformations are
recognized at 8.5 GPa, as indicated by the open diamonds
in Fig. 3.41,42 One is the metal-insulator change at ∼220 K, in
which the slope changes gradually from positive to negative
with decreasing temperature, and the second is the insulator-
insulator change at ∼70 K, in which the gradient of the negative
slope decreases at lower temperatures. These transformations
can be understood by considering the changes in electronic
states; the former is ascribed to the starting point of the charge
localization (220 K) and the latter is ascribed to the decay
in the electron scattering induced by the randomness in the
intermediate phase during the transition to the insulator phase
(70 K). From a structural perspective, the short-range charge
localization in the intermediate phase may be accompanied
by a spatial fluctuation of the bond length, resulting in a
partial distortion of the crystal. At room temperature, the
structural distortion observed in the EXAFS experiment starts
at a pressure of 12 GPa near boundary 1.46,47 The microscopic
rearrangement of the atoms results in minimal insulator grains
at 12 GPa, and an increase in the size and/or number of
grains takes place in the intermediate phase at pressures above
12 GPa. Moreover, the structural transition observed in the
XRD measurement (at 10 K and 9.7 GPa, and at 200 K and 16
GPa) also indicates the completion of the growth of this partial
distortion through the crystal near boundary 2.43

Finally, we show the details of the surface sensitivity of
this compound that were reported in previous studies.40,56,57

Figure 7 demonstrates a clear difference in the pressure
dependence of the MIR reflectivity of both fractured and
polished surfaces. These changes are reproducible for all
polishing treatments on the surfaces of different crystals.
These changes are not due to a simple phenomenon such
as a surface contamination, which is often found in surface-

FIG. 7. (Color online) Pressure dependence on the reflectivity of
the fractured (a) and the polished (b) surfaces in MIR region at 40 K.
The dashed line drawn at 0.1 eV is a guide for the intensity plot in
Fig. 8.

sensitive experiments.58–60 A metallic state obviously exists in

the polished sample at low pressures. Although the reflectivity
decreases up to 1 eV on both surfaces, the plasma edge is
transformed and shifted to lower energies on the polished
surface. The dependence of reflectivity on pressures is much
larger for the fractured surfaces in the 0.3–0.9 eV region.
The intensity of the reflectivity at 0.1 eV is plotted as a
function of the pressure in Fig. 8. Some significant differences
are recognized between the fractured and polished surfaces.
The change in the reflectivity from ambient pressure to high
pressures is much smaller for the fractured surface. The
transition pressure is higher and the change is steeper for the
polished surface. These results demonstrate that the polishing
treatment changes the electronic state at least down to several
micrometers from the surface, which is comparable to the
wavelength of infrared light. One possible reason for such
deterioration is that the minimum of total energy under ambient
pressure, including lattice vibration, charge, and magnetic
interactions and so on, of this compound is located near
the critical point of the structural phase transition. Then
the transition may be triggered by the polishing treatment
due to ionic defects and/or lattice imperfections.61 Therefore,
attention must be paid to experimental sample preparation
involving powdering and even trimming of surfaces.

Although the electronic state under ambient pressure is
not much discussed in this paper, the HF state in LiV2O4

originates most probably from the eccentric electron ground
state, which is intrinsically involved in a charge fluctuation and
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FIG. 8. (Color online) Pressure dependence on the intensity of the
reflectivity at E = 0.1 eV on the fractured and the polished surfaces.
See also the caption of Fig. 7.

an antiferromagnetic spin fluctuation as a result of the strong
electron correlation. This HF state is located next to the two
non-Fermi-liquid states at low temperatures. On the one hand,
the insulator state is stabilized above 9 GPa at low temperature,
as confirmed by our experiments, and never shows a metallic
state with increasing pressure (to a maximum of 20 GPa).
Considering the similarity between the crystal structures,
the charge fluctuation nature of AlV2O4 resulting in charge
ordering below 700 K (Ref. 44) is expected to occur in the
pressure-induced insulator phase of LiV2O4. Photoemission
spectroscopy experiments also suggest the importance of the
hybridization between the O 2p states and the V 3d states in
forming the HF state.57,62 On the other hand, the NMR nuclear
relaxation rate T1 in LiV2O4 above 2.3 GPa (�4.74 GPa)
and below 20 K (�60 mK) shows a deviation from the
Korringa relation of T1T = const., which is characteristic

of the normal Fermi-liquid state.48,49 Although no magnetic
ordering is observed in this pressure-temperature region, the
increment of 1/T1T as a function of pressure denotes the
development of the antiferromagnetic spin interaction between
the V ions. Consequently, the stability of these two non-Fermi-
liquid natures, namely, charge fluctuation and spin fluctuation
under high pressures strongly implies the unique origin of
the HF state in this 3d-based compound. According to the
dynamic change in electrical conduction41,42 compared to the
rather moderate change in the magnetization as a function of
pressure,48,49 the delicate balance of the charge distribution,
together with the triangular antiferromagnetic spin frustration,
may be the key to understanding the nature of HF state under
ambient pressure of this compound.

IV. SUMMARY

Optical studies in the infrared region were carried out on
the 3d-electron oxide LiV2O4 under high pressures and low
temperatures. High pressures up to 20 GPa induced a stable
ionic insulator phase at low temperatures. An intermediate
phase containing features of both metallic conduction and ionic
charge localization exists between the metal phase under low
pressures and the ionic insulator phase under high pressures.
The phonon-softening phenomenon, as a precursor of the
macroscopic structural phase transition, can be ascertained
only near the boundary between the intermediate and the
insulator phases.
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