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High-pressure effect on inverse spinel LiCuVO4:
X-ray diffraction and Raman scattering∗
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The effect of external quasi-hydrostatic pressure on the inverse spinel structure of LiCuVO4 was studied in this paper.
High-pressure synchrotron X-ray diffraction and Raman spectroscopy measurements were carried out at room temperature
up to 35.7 and 40.3 GPa, respectively. At a pressure of about 20 GPa, both Raman spectra and X-ray diffraction results
indicate that LiCuVO4 was transformed into a monoclinic phase, which remained stable up to at least 35.7 GPa. Upon
release of pressure, the high-pressure phase returned to the initial phase. The pressure dependence of the volume of low
pressure orthorhombic phase and high-pressure monoclinic phase were described by a second-order Birch–Murnaghan
equation of state, which yielded bulk modulus values of B0 = 197(5) and 232(8) GPa, respectively. The results support the
empirical suggestion that the oxide spinels have similar bulk modulus around 200 GPa.
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1. Introduction
Spinel structural materials with the formula of AB2O4, as

one kind of ternary oxides, have always been a focus since they
have extensive and significant applications in many aspects.
For example, these materials have been considered as battery
materials, magnetic materials, superhard materials, and lumi-
nescent materials.[1–5] According to the distribution of atoms
A and B on the lattice sites, the spinel structural materials can
be classified into two distinct kinds, known as the normal and
inverse spinels, respectively. The normal spinel is character-
ized by that the A and B atoms occupy the tetrahedral and oc-
tahedral sites, respectively, whereas in the inverse spinel struc-
ture, a part of B atoms occupy the tetrahedral sites, the A and
the remaining B atoms occupy the octahedral sites.

Recently, one of the spinel structural multiferroic mate-
rials, namely, a cuprate with the chemical formula LiCuVO4

was synthesized. LiCuVO4 is in an orthorhombic distorted
inverse spinel structure with the space group Imma (D28

2h),
with the lattice constants a = 5.662 Å, b = 5.809 Å, and
c = 8.758 Å (see Fig. 1). The component atoms of LiCuVO4

in a unit cell occupy the following positions: Cu(4a) at (0, 0,
0), Li(4d) at (1/4, 1/4, 3/4), V(4e) at (0,1/4, 0.386), O1(8h)
at (0, 0.0164, 0.2748), and O2(8i) at (0.2352, 1/4, 0.9993).
The detailed crystallographic data and a picture of the struc-
ture of LiCuVO4 are given by Lafontaine et al.[6] Jahn–Teller
distortions, however, usually happen in these structures. The
orthorhombic distortion results from a cooperative Jahn–Teller
effect of the Cu2+ ions at the octahedral sites.[7] The nonmag-

netic V5+ ions occupy the tetrahedrally coordinated A sites,
while Li+ and Cu2+ occupy the B positions within the oxygen
octahedra of the spinel structure. Both LiO6 and CuO6 octahe-
dra form independent chains along a and b directions, respec-
tively, which themselves build a stack of independent planes of
Li and Cu rods along the c direction.[8] The CuO6 octahedra
forms independent and infinite chains along the b direction,
leading to two nearly rectangular Cu–O–Cu superexchange
paths between nearest neighbor copper ions. Due to the pecu-
liar distribution and valencies of the metal cations in this struc-
ture are of great importance for the interpretation of the mag-
netic, electric and crystallographic properties. LiCuVO4 can
be viewed as multiferroic material in which the magnetic and
ferroelectric properties coexist. As a result, a promising appli-
cation of LiCuVO4 as both a magnetic material and a lithium
cell material is expected.[9–13]

High pressure is an effective way to explore the struc-
tures and phase transitions of materials. A number of high
pressure experiments have been performed on the spinel ma-
terials. However, most of them are about cubic or tetrago-
nal spinels.[14–17] To our knowledge, no orthorhombic inverse
spinel structure of ternary oxides have been studied under
high pressure. In this paper, in-situ X-ray diffraction and Ra-
man scattering measurement were carried out to explore the
pressure-induced phase transition of polycrystalline LiCuVO4.
The results will help to elucidate the structure characteristics
and dynamics of the pressure induced phase transformation
relating to the structure of spinel family.
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Fig. 1. (color online) The crystal structures of orthorhombic LiCuVO4
with Imma space group at atmosphere. Li ions are in purple. Cu, V, and
O ions are in pink, grey, and red, respectively.

2. Experiment
The polycrystalline sample LiCuVO4 was prepared by

solid-state reaction at 550 ◦C, with Li2CO3, Cu2O, and V2O5

as the starting materials, which were weighed in a stoichiomet-
ric ratio. Detailed information of the synthesis was reported in
Refs. [18] and [19]. High-pressure XRD and Raman measure-
ments were conducted at room temperature by using a gas-
keted high-pressure Mao–Bell–type diamond anvil cell (DAC)
with a diamond culet face of 400 µm in diameter. The syn-
thesized sample and ruby particles were loaded into the high-
pressure chamber. The chamber is a small hole (120 µm di-
ameter and 50 µm thickness) which was drilled at the center
of a T-301 stainless steel gasket and filled with a mixture of
16:3:1 of methanol/ethanol/water as the pressure-transmitting
medium. The pressure was determined from the frequency
shift of the ruby R1 fluorescence line.[20] By monitoring the
separation and the width of the ruby R1 and R2 peaks, it deter-
mined that our experiments were conducted under the quasi-
hydrostatic condition. In situ high-pressure angle-dispersive

XRD experiments were carried out up to 35.7 GPa at the B2
station of Cornell High Energy Synchrotron Source (CHESS),
Wilson Laboratory, Cornell University.[21] A monochromatic
beam with a wavelength of 0.4859 Å was used. The diffrac-
tion data were collected using an MAR345 detector. The two-
dimensional XRD images were analyzed using FIT2D soft-
ware, yielding one-dimensional intensity versus diffraction an-
gle 2θ patterns. The average acquisition time was 400 s. The
sample–detector distance and geometric parameters were cal-
ibrated using a CeO2 standard from the National Institute of
Standards and Technology (Gaithersburg, MD). Simulation
and analysis of the XRD patterns at different pressures were
performed using the Material Studio program. During each
refinement cycle, the scale factor, background parameter, and
cell parameter were optimized. High-pressure Raman spec-
tra were recorded on a Renishaw inVia Raman Microscope in
the backscattering geometry using the 633 nm line of a He-Ne
laser, provided with a charge coupled device (CCD) detector
system. A 3-min exposure time was used at each Raman col-
lected run in average.

3. Results and discussion
3.1. High-pressure Raman spectra

Raman spectroscopy provides valuable information on lo-
cal and cooperative changes during pressure-induced trans-
formations between each phase.[22] Thus, the in-situ Raman
scattering of the polycrystalline compound LiCuVO4 has been
conducted under high pressure. According to group theory
analysis, LiCuVO4 has the following set of phonon modes:[23]

15 Raman-active modes, 5Ag+2B1g+4B2g+4B3g; 20 IR-active
modes, 8B1u+6B2u+6B3u; 4 inactive modes, 4Au. In addition,
detailed Raman studies of LiCuVO4 have discussed the as-
signments of different mode frequencies. A compilation of the
optical phonon frequencies, the symmetry and pressure depen-
dences are given in Table 1.

Table 1. Observed Raman vibration modes of LiCuVO4 at ambient conditions, their assignments, and pressure dependences.

Assignment Observed modes at 1 atm/cm−1
Raman shift/cm−1·GPa−1

< 20 GPa 20–24.5 GPa > 24.4 GPa
Ag 152 2.26 – –
Ag 186 1.49 – –
B3g 213 2.41 – –
B1g 230 1.57 – –
B2g 248 1.69 – –
Ag 305 1.57 0.73 1.18
B1g 353 0.779 1.34 2.39
Ag 450 2.73 – –
B2g 588 – – –
Ag 742 4.55 1.05 2.37
B3g 848 2.87 – –
Ag 873 2.30 2.34 0.64
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Table 1 and Figure 2 shows that all Raman-active phonon
modes are discernible at ambient conditions, at the same time
all the observed modes correspond well to those reported in
the literature.[23] However, these observed Raman modes can
be classified into three general families of lattice vibrations.
In the high-frequency range (650–1000 cm−1), the vibration
mode is the stretching of the distorted VO4 groups. There-
fore, fours peak of Raman spectrum (2Ag+B2g+B3g) in high-
frequency range correspond to the stretching V–O1 and V–
O2 vibration. In the intermediate-frequency (400–650 cm−1)

region the peaks are often related to complex vibrations, in-
volving the simultaneous participation of all cations, tetra-
hedral and octahedral.[24] The bands with frequencies below
400 cm−1 can be assigned to complex vibrations with a pre-
dominant contribution of the Li+ and Cu2+ cations. Figure 2
shows the representative Raman bands of LiCuVO4 in the fre-
quency range of 100–1100 cm−1 at different pressures under
hydrostatic compression.
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Fig. 2. (color online) The Raman spectra of LiCuVO4 at various pres-
sures up to 40.3 GPa.The assignment of the experimentally observed
Raman peaks is based on the theoretical analysis of Shirokov et al. Pen-
tagon symbols show the appearance of new Raman peaks. ×8 and ×16
mean increased 8 and 16 times of intensity, respectively. The top panel
is a Raman spectrum at atmosphere after decompressing from 40.3 GPa.

According to Fig. 2 we can see that there is no shape
change in the Raman pattern below 20 GPa, except that the
three peaks at nearby 220 cm−1, and the two peaks at high
frequencies nearby 850 cm−1 exhibit the variation in profile
and in intensity, as shown in their merging, broadening and
losing intensity before the phase transformation (Fig. 2 and
Table 1). The rest of the Raman peak shifted toward high fre-
quencies due to compression. However, starting from 20 GPa,

the intensity of Raman signal diminished abruptly. We en-
large the XRD pattern intensity by 8 times so as to observe
the details of Raman peak clearly. At the beginning of the
20 GPa Raman pattern, new Raman peaks appear at 246, 286,
613, and 854 cm−1 as marked by asterisks. Furthermore, with
increasing pressure, the lower-frequency Raman peaks below
300 cm−1 complete extinction. In addition, the peak which
belongs to Ag vibration mode round 900 cm−1 lose intensity
quickly. By contrast, the intensity of the other peak which also
belong to the Ag vibration mode around 800 cm−1 increases
gradually with increasing pressure. These changes suggest
that a phase transition occurred in the sample. The pressure de-
pendence of Raman phonon frequencies also shown in Fig. 3.
There were same apparent discontinuities onset at same pres-
sure range on all modes. It further proved that a structural
transformation occurred from 20 to 24 GPa. The phase transi-
tion requires XRD to identify.

Upon release of pressure, this high-pressure phase trans-
formed back to the atmospheric LiCuVO4 phase by the same
way, and it stably returned to ambient conditions. The Raman
spectrum at atmosphere after decompressing from 40.3 GPa
is display at the top of Fig. 2. At ambient conditions, the ob-
tained Raman spectrum of decompression is consistent to the
spectrum that was collected from the unpressurized one be-
fore. Therefore, it indicated that the whole phase transition
course is reversible.
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Fig. 3. (color online) Pressure dependence of Raman frequency shifts in
LiCuVO4 during compression from 0 to 40.3 GPa. The middle regions
correspond to two phase coexistence. Different modes are labeled.
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3.2. High-pressure synchrotron radiation X-ray diffrac-
tion

High-pressure synchrotron radiation X-ray diffraction
provides significant structural information and the most pow-
erful evidence for determining the transformations during
pressure-induced transition between each phase.[25] Because
of this, the in-situ high pressure XRD experiment of LiCuVO4

in DAC was performed at various pressures up to 35.8 GPa.
The XRD patterns of LiCuVO4 were collected by increasing
the pressure shown in Fig. 4. Rietveld refinements were car-
ried out at the pressures below 21.7 GPa using MATERIALS
STUDIO software to obtain the cell parameters. At ambi-
ent conditions, all the diffraction peaks are indexed to an or-
thorhombic structure with the space group of Imma and lattice
constants of a = 5.664(3) Å, b = 5.795(6) Å, c = 8.729(5) Å,
and V0 = 285.53(2) Å3. The number of molecules of this
phase per unit cell (Z) is 4. The Rietveld refinement of XRD
obtained at 1.5 GPa is shown in Fig. 6(a). It shows a good
agreement with the orthorhombic structure. The d-spacing of
LiCuVO4 as a function of pressure (see Fig. 5) clearly shows
that some of the peaks are initially shift limited, and hence,
gradually display the regular pressure dependence. Upon a
continuous enhancement of pressure, all of the diffraction lines
shift toward higher angles accompanied by a change of relative
intensities. As the pressure increases to 21.7 GPa, some new
diffraction peaks (marked with asterisks) start to appear in the
XRD patterns (see Fig. 4), indicating the onset of a structural
phase transition. Two new peaks appear at 2θ = 9.16(3)◦ and
9.62(9)◦ emerges beside the parent merged peak of (112) and
(200) which belong to the orthorhombic phase, while another
new peak appear at 2θ = 13.70(2)◦. The high pressure phase
and the orthorhombic phase coexist up to about 21.7 GPa.
There is a pressure range where the two phases coexist, which
might be explained as being due to the large kinetic effects
of the first-order transition. Following the pressure reach to
24.5 GPa, all of the six new diffraction peaks emerge, other-
wise some diffraction parent peak of the orthorhombic phase
are undetectable, which indicated that the sample is fully con-
verted to the new high phase. When the pressure further in-
creases to 35.7 GPa, there are no shape change peaks observed.
Thus, it is believed that the new high-pressure phase remains
to 35.7 GPa. Upon release of pressure, the high-pressure
phase transforms back to the ambient phase, indicating that
orthorhombic–monoclinic phase transition is fully reversible.
It is consistent with the results of Raman measurement.

The change of d-spacing as a function of pressure at room
temperature is shown in Fig. 5. The discontinuity shifts of the
d-spacing onset at 20–24 GPa provide a further evidence of
phase transition. According to the XRD pattern of the new
phase under high-pressure, we perform the refinement work to
discuss the new phase information. Pawley refinement is used

for the X-ray diffraction peaks at the pressures of which above
24.5 GPa to obtain the structural data.
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Fig. 4. (color online) XRD patterns collected at various pressues of
LiCuVO4 up to 35.7 GPa and then decompression to ambient pressure
at room temperature. Pentagon symbols show the appearance of new
Bragg peaks corresponding to a new phase.
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Fig. 5. (color online) D-spacing of LiCuVO4 as a function of pressure
at room temperature. The middle regions correspond to two phase co-
existence.

The results of experimental and calculated comparison
at 28.3 GPa are shown in Fig. 6(b), and it shows that the
LiCuVO4 high-pressure phase is a monoclinic structure. By
the Pawley refinement results of the new phase data by each
pressure, the pressure dependence of the volume of mono-
clinic high-pressure phases is described by a second-order
Birch–Murnaghan equation of state:[26]

P = 3/2B0[(V0/V )7/3− (V0/V )5/3]

×{1+3/4(B′0−4)× [(V0/V )2/3−1]}, (1)
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where B0 is the bulk modulus, B′0 is the pressure derivative, V
is the unit cell volume at pressure P, and V0 is the zero-pressure
volume.

Orthorhombic  1.5 GPa

experimental results
calculated results
difference
Bragg positions

Rwp=2.14%  Rp=1.46% (a)

Monoclinic 28.3 GPa 

(b) Rwp=8.66%  Rp=7.46%
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2θ/(Ο)

Fig. 6. (color online) Rietveld and Pawley refinement of the XRD pat-
terns of LiCuVO4 taken at 1.5 GPa and 28.3 GPa: (a) structural of the
ambient orthorhombic structure with space group of Imma; (b) struc-
tural refinement of the high-pressure monoclinic phase.
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Fig. 7. Pressure dependence of cell volumes per formula unit of
the orthorhombic phase and high pressure monoclinic phase structures
of LiCuVO4. The solid lines are the fitting results with the Birch–
Murnaghan equation of state.

The bulk modulus B0, obtained from a fitting of Eq. (1) to
the data shown in Fig. 7. It shows that bulk modulus of the or-
thorhombic phase B0 = 197±9 GPa, and B0 = 232±12 GPa
for high pressure monoclinic phase. Both pressure derivatives
have been constrained to 4.0. The attempts to describe and pre-
dict spinel structural compression have led to the interpretation
of the bulk modulus of the constituent cation-anion tetrago-
nal and octahedral polyhedral. Recio et al.[27] and Finger et

al.[28] suggested that all oxide spinels should have a similar
value of the bulk modulus of about 200 GPa. In compari-
son, the bulk modulus of the proto type spinel MgAl2O4 is
196 GPa,[29] 197±5 GPa for ZnMn2O4

[30] and 198±6 GPa
for CuMn2O4,[31] because the observed bulk modulus indi-
cates an average of polyhedral compressibilities between the
tetrahedron and octahedron in the spinel structure. According
to our work, the value of the bulk modulus 197(5) GPa pro-
vide a further evidence of this empirical suggestion. In the
structure of oxide spinel, the oxygen ions form a nearly close
packed sublattice, occupying most of the available space. The
oxygen ions are relatively easy to deform, whereas the metal
cations generally are more difficult to compress. In this way,
the overall compressibility is determined mainly by the oxy-
gen sublattice.[27] It is the essentially physical explanation of
the conforming high pressure behavior of the oxide spinels.

4. Conclusion
An in-situ Raman spectroscopic and XRD study was car-

ried out to explore the pressure-induced phase transformation
of inverse spinel LiCuVO4 to 40.3 GPa and 35.7 GPa, re-
spectively. Results indicate that LiCuVO4 undergoes a phase
transformation from the orthorhombic phase to the monoclinic
structure phase at pressures of 20–24.4 GPa, and this new high
pressure phase remains stable to the pressure of 35.7 GPa.
Upon release of pressure to ambient conditions, the high-
pressure phase transforms back to the orthorhombic phase,
which indicates that the transformation is reversible. The pres-
sure dependence of the volume of monoclinic high-pressure
phases is described by a second-order Birch–Murnaghan equa-
tion of state, which yields that the bulk modulus value of the
orthorhombic phase and monoclinic phase were calculated to
be B0 = 197(5) GPa and 232(8) GPa, respectively. The results
show a good agreement with the empirical suggestion that
the oxide spinels have almost the same bulk modulus around
200 GPa.
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