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Lattice vibrations and electrical transport properties of SrV,04 (SVO) and BaV,04 (BVO) under
high pressure have been investigated by Raman spectra and alternating current (AC) impedance
spectra measurements. A pressure-induced structural phase transition in SVO is observed at
3.9GPa, and the phase transition in BVO happens at 4.3 GPa from their high-pressure Raman
spectra. With further increasing pressures, amorphization is found in both SVO and BVO at 10.1
and 9.3 GPa, respectively. Pressure-induced amorphization of SVO and BVO is suggested to be
associated with the breaking up of infinite chains of corner-linked tetrahedral VO, into VO3 . The
recovery of original crystalline phases along with the re-linking of VO3~ chains is observed
after heating the reclaimed samples. Furthermore, the in situ high pressure measurements of AC
impedance spectra of BVO reveal two distinct changes in its resistance, which can correspond to
the transitions as observed in the Raman spectra. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4926784]

I. INTRODUCTION

Metavanadate compounds with divalent metal atoms
have the general formula of MV,04 (M = Mg, Ca, Ba, Sr,
etc.) and adopt structural types consisting of the frameworks
of V-0 polyhedra together with interstitial M>* ions." These
compounds have potential applications as alternative anode
of lithium ion rechargeable batteries, which are characterized
by their higher discharge capacity, excellent recyclability,
thermal stability, low-cost, and environmental benefits.””’
Most of the divalent metal metavanadates crystallize in a
brannerite-like structure constituted by the zigzag chains of
VOs5 square pyramids with sharing edges, for example,
MV,0¢ with M = Mg, Mn, Co, and Zn adopts this type of
structure.®>'? In contrast, SrV,04 (SVO)/BaV,04 (BVO)
with a larger divalent metal atom adopts the structure fea-
tured by VO, tetrahedral units. This type of structure consists
of corner-sharing VO, tetrahedra forming infinite chains,
which is similar to alkali-metal vanadates MVO; (M = Li,
Na, K, etc.).l3’17

In general, subjecting the materials to extreme condi-
tions can reveal more interesting properties, and high
pressure studies of these alkali-metal vanadates, such as
MVO; (M = Li, Na, K, etc.), -NaV,0s, and ff-Nag33V,0s,
have attracted considerable attentions due to the pressure-
induced phase transitions and thus the improved physical
properties, which can have efficient effects on their applica-
tions. '8’ Moreover, MVO3; (M = Li, Na, K, etc.) belongs
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to the pyroxene family, and the studies may be of geophysi-
cal interest. From previous high-pressure studies, most of
these materials showed structural phase transitions that were
believed to be a series of transformations involving the
breaking up of infinite VO, chains into VO~ ions. All these
phase transitions were preceded by the changes of chain de-
formation motions, most probably the variation in V-O-V
bond angles as characterized by the measurements of the cor-
responding vibrational modes. Because of the structural sim-
ilarities between SVO/BVO and alkali-metal vanadates
MVO3;, possible structural phase transitions are expected
from the high-pressure Raman studies on SVO/BVO.

Pressure-induced amorphization (PIA) has been the sub-
ject of intense study for the past few years because of its im-
portance in materials science and solid state physics.?®=°
Thus, another motivation in undertaking the present study of
SVO/BVO is to search for possible PIA similar to that
reported in NaVOs.*!' The crystalline-amorphous transition
of NaVO; occurred at 6 GPa, which was the lowest transfor-
mation pressure for an amorphous phase so far reported for
vanadates.>® PIA in NaVO; was identified by the sudden
appearance of very broad bands in Raman spectra at high
pressures. In its amorphous phase, the chains consisting of
corner-sharing VO, tetrahedra broke up into individual VO,
pyramids, and it could revert to the stable ambient-condition
phase upon heating. Shear instability was thought to be the
cause for PIA in NaVOj;. There are also some other examples
to exhibit that ionic crystals can become amorphous at high
pressulres.33*35

In the present work, we have carried out Raman spectra
and alternating current (AC) impedance spectra measurements

© 2015 AIP Publishing LLC
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on SVO and BVO polycrystalline samples at high pressures in
order to investigate their structural behaviors and benefit fur-
ther understanding of the electrical transport properties under
high pressure. A structural phase transition for SVO/BVO is
observed at 3.9 and 4.3GPa, respectively, and PIA of
SVO/BVO is found to occur at 10.1 and 9.3 GPa, respectively.
After releasing the pressure and heating the recovered sam-
ples, Raman spectra show that the PIA phase of SVO and
BVO can revert to its original ambient phase. Moreover, the
observations of a structural phase transition and amorphiza-
tion of BVO are also accompanied by the changes of its resist-
ance under high pressure. We hope that the present study can
be beneficial for better understanding of the mechanism of
PIA in this intriguing family of materials and developing
more applications under ambient and extreme conditions.

Il. EXPERIMENTAL

Samples of SVO/BVO were synthesized by sol-gel
method. Analytical grade V,05 (>99.99%), M(NO3),-nH,O
(>99%) (M = Sr, Ba), and oxalic acid (H,C,0,4) (>99%)
were used as the starting materials. The mixed precursor was
pressed into a pellet and then heat treated to obtain the final
products. The reaction temperatures were chosen to be
773K/873K in air over a period of 10h for SVO/BVO,
respectively.

X-ray diffraction (XRD, RIGAKU) with Cu Ko radia-
tion (A=1.5418 10\) was used to determine the phase purity
of SVO/BVO, and the results are shown in Figure 1.
Diamond anvil cell (DAC) was utilized to generate high
pressure, and the anvil culet was 400 um in diameter with a
bevelled angle of 10°. T301 stainless steel as the gasket was
pre-indented to 50 um thickness, and a hole of 120 um in
diameter was drilled at the center of the indentation. The
powder samples were loaded into DAC with chips of ruby
for pressure calibration by ruby luminescence technique.’®
A 16:3:1 methanol/ethanol/water mixture was chosen as
pressure medium to provide hydrostatic conditions. High-
pressure Raman spectra of SVO/BVO over a wavenumber
range between 100 and 1200cm ™' were measured at room
temperature up to 14.3 and 11.6 GPa, respectively. Raman
spectra were recorded on a Renishaw in Via Raman micro-
scope in the backscattering geometry using the 514.5 nm line
of an argon ion laser, provided with a charge coupled device
(CCD) detector system. Pressure-induced shifts of overlap-
ping Raman bands were analyzed by fitting the spectra to
Lorentzian functions to determine the line shape parameters.

Van der Pauw electrodes were integrated on one dia-
mond for the electric properties measurement under pressure.
The fabricated process of the detecting microcircuit has been
reported in our previous publications.’”*® The samples used
in the electrical measurement were squeezed into a disk with
120 ym in diameter. The measurements of AC impedance
spectroscopy were in the frequency range of 1Hz-10 MHz
and the applied alternating current voltage was 1 V.

lll. RESULT AND DISCUSSION

The structure of SVO is similar to that of BVO. Both of
them crystallize in orthorhombic structure with the space group
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FIG. 1. Rietveld full-profile refinement of the diffraction patterns of (a)
SrV,0g4 and (b) BaV,0g4 at ambient condition. Red, blue, and black solid
lines represent experimental, calculated, and residual patterns, respectively.
Vertical markers show the calculated peak positions.

C222 (No. 21) and the refined lattice parameters are followed
as a=8.245(1) A, b=12293(1) A, c=7.6572) A, Z=6,
V=776.08A% (SVO) and a=8482(1)A, b=12.6112)A,
c:7.916(1)/&, Z=06, V=2845.17 A3 (BVO). As an example
shown in Figure 2, the structure of BVO consists of infinite
chains of vertex-shared VO, tetrahedra running along the
[120] directions and Ba atoms located interstitially between
the chains. Ba(1) is coordinated by twelve oxygen atoms and
Ba(2) by ten oxygen atoms. The similar structural features
also exist in alkali-metal vanadates MVO3; (M = Na, K, etc.),
which show a little difference from BVO, the chains of
MVOj; run straight along the orthorhombic g-axis, and the
neighbouring zigzag chains are interspersed with each
other.’

The Raman spectra of SVO have been measured up to
14.3 GPa, and some selected Raman spectra are shown in
Figure 3(a). There are 14 modes clearly observed in a
Raman spectrum of SVO at room temperature. Based on the
previous Raman experiments of alkali metavanadate MVO;
with chains of vertex-shared VO, tetrahedra, the Raman
bands in the spectral region below 400 cm ™" were identified
to be VO, rocking, twisting, and chain deformation vibra-
tions. 018217233132 The phand at 470cm™" was assigned to
0-VO,, which should be sensitive to the repacking of the
lattice or the change of cation coordinated environment and
essentially unchanged too much upon compression.31 The
bands in the region of 500—800cm ' belonged to the
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vibration of V-O—V symmetric stretching mode, whereas the
bands in the region of 800—1000cm ™" were associated with
the vibrations of VOZ.16

With increasing pressures, all the Raman spectra appear
similar below 3.9 GPa. Dramatic spectral changes occur above

39GPa. The peaks of low frequency region (below
400cm ") become broadening, as shown in Figure 3(a), and
it can be seen that the slopes for the frequency increments are
also to increase largely after 3.9 GPa, as shown in Figure 3(b).
More interestingly, a set of new peaks (located at 689 cm ™",
723 cm_l, 771cm™ !, and 857 cm_l) suddenly appear, and the
intensities of these new peaks increase with increasing pres-
sures. It suggests that a possible structural phase transition
takes place at 3.9GPa. At 8.8 GPa, the band at 771 cm”!
(labeled as A) becomes the most dominant in the entire spec-
trum. While the original strongest peak at 978 cm ! reduces a
lot as the pressure increases, but it does not completely disap-
pear. The new high-pressure phase labeled as phase I is likely
to be a mixture phase since the spectra show a continuous
change from 3.9GPa to 10.1 GPa. With further increasing
pressures, most of the sharp bands have disappeared at
10.1GPa and no Raman peaks can be observed above
12.3 GPa. Upon releasing pressure, the spectrum of the start-
ing orthorhombic phase is not recovered, and only very broad

J. Appl. Phys. 118, 035902 (2015)

FIG. 2. (a) The crystal structure of
BVO and (b) infinite chains formed by
shared-corners VO, tetrahedra.

bands exist, which suggests the formation of an amorphous
phase.

From the above high pressure Raman results, it can be
seen that the structure of SVO is stable below 3.9 GPa at
room temperature. Above 3.9 GPa, the Raman spectra
exhibit clear evidence for a structural phase transition. A
high-pressure X-ray diffraction experiment is necessary to
solve the observed high-pressure phase. However, according
to the experimental studies of many vanadium oxide-based
compounds that are made up of tetrahedral VO, units, we
speculate that the peak at 771cm ' in phase II can
be assigned to individual VO;~ ions rather than broken
chains formed by shared-corners VO, tetrahedra.*'**4°
Nevertheless, there exist small but definite bands around the
900cm ' region in phase II, indicating that there are still
some broken chains left at pressures up to 10.1 GPa. With
increasing pressures, the rapid decrease in the intensity of
the 964cm™' mode and the appearance of the 771cm '
peak, which are the characteristics of V-O-V stretching
vibration, strongly support the increased degree of the bro-
ken chains. Above 10.1 GPa, the chains have been deformed
so much that they are no longer energetically favourable to
maintain the chain formation in an infinite way. The exces-
sive broadening of the stretching modes and the increased
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FIG. 3. (a) Representative Raman spectra of SVO at various pressures. (b) Pressure dependence of the Raman frequencies for the bands below 400cm™". (c)
Pressure dependence of the Raman frequencies for the bands above 400cm ', The vertical dashed lines indicate the pressure at which the transition takes

place.
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background in the mode region of chain deformation suggest
that the SVO crystal turns into an amorphous phase. The
amorphous phase is speculated to be involved with the com-
plete breaking up of the infinite chains of corner linked tetra-
hedral VO, and most likely into VO3 ions above 12.3 GPa,
which is similar to the case of MVO3.21’24’40 Even on releas-
ing the pressure from 14.3 GPa, Raman spectrum does not
recover to the original spectrum at ambient condition. It indi-
cates that the process of amorphization is nonreversible.

The ambient spectrum of BVO clearly resembles that of
SVO, and the assignments and classifications of the Raman
bands can be derived from those of SVO. The high pressure
Raman spectra of BVO have been measured up to 11.6 GPa,
and some selected Raman scattering spectra are given in
Figure 4(a). The Raman bands in the spectra below
400cm ™' are identified to be VO, rocking, twisting, and
chain deformation vibrations. The band at 466cm ™' is
assigned to 6—VO,. The band in the region of 500-880 cm "
belongs to the vibration of V-O-V symmetric stretching
mode. The bands in the region of 880—1000 cm ™' are associ-
ated with the vibrations of VO,.

As can be seen in Figure 4(a), the spectra do not show
any obvious changes below 4.3 GPa. Beyond that, some new
peaks come up suddenly (located at 806cm ™', 840cm™',
and 873 cm ™). The process of phase transition is similar to
SVO as discussed above. The Raman shifts of both ambient
phase and high-pressure phase as a function of pressure are
presented in Figure 4(b). Upon compression, the smeared
bands around 500-880cm ™' suggest that VO, chains are
partially broken at 4.3 GPa, and with further increasing pres-
sure, the degree of broken chains is also increasing. Finally,
BVO turns into completely amorphous at 9.3 GPa. The
mechanism of PIA is also attributed to the complete breaking
up of infinite chains of these corner-linked tetrahedral VO,
and most likely into VO3~ ions as the same for SVO.

After releasing the pressure, PIA of SVO/BVO is main-
tained, which indicates the nonreversible nature of the phase
transitions. However, it had been reported that NaVO; and

J. Appl. Phys. 118, 035902 (2015)

LiVO; were the typical PIA materials, and the Raman spec-
tra of them could revert to their original phase after heating
to 623 and 723K, respectively.”** Therefore, the same
treatment on SVO/BVO is adopted, and the PIA phase of
SVO/BVO is heated in an oven in order to examine the
recrystallized process. It is apparent that there is sufficient
thermal energy at 623 K for individual VO3~ ions to relink
themselves into infinite VO, chains and form “perfect” crys-
tals again. The recorded spectrum after heating is almost
identical to that of the original phase of SVO/BVO, as shown
in Figure 5.

It has been demonstrated in many cases that the abnor-
mal change of structure consequentially brings some influen-
ces on the electrical transport coefficient, such as the
structural phase transition of CdS under high pressure
accompanied by an obvious change in its impedance spec-
troscopy.”' Hence, we have measured the AC impedance
spectroscopy of SVO and BVO at high pressures in order to
extract more information of pressure effects on these two
samples. Because SVO is a very good insulator at ambient
condition and the value of its resistance reaches out of the
limit of our experimental instruments, we cannot obtain its
resistance data during the impedance spectroscopy measure-
ment at high pressures. For BVO, the impedance data
obtained at different pressures are presented in Figures
6(a)-6(c). The diameter of the arc becomes smaller and
smaller with the pressure increased up to 3.7 GPa, but the
situation is reversed above 3.7 GPa.

In order to quantify the pressure effect on the electrical
transport properties of BVO, the impedance spectra data are
fitted with an equivalent circuit consisting of resistor (R) and
constant phase element (CPE) by using the Zview impedance
analysis software (version 2.7, Scribner Associates Inc.) as
shown in Figure 6(d). The values of the resistance are directly
obtained from the fitting results, as shown in Figure 7. At the
beginning, the resistance of BVO shows a rapid decrease
with the pressure increased up to 3.7 GPa and then it exhibits
a smooth and slow decrease in the pressure range from

T T T T T T T T T T T
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3.7GPa to 10.7 GPa. In general, the valence bands and con-
duction bands of a typical ionic solid trend to become broad
with increasing pressures. Since both valence band maximum
and conduction band minimum move toward the Fermi level
gradually, it will result in the reduction of the band gap. So,
the resistance of the material decreases with pressure
increased in the crystalline phase. After 10.7 GPa, the resist-
ance shows an increase with increasing pressures. When the
sample becomes amorphous under pressure, the crystal lattice
will be reconstructed and the scattering effect of the carriers
from the grain boundary will be enhanced. It will result in an
increase of the resistance in the amorphous phase of the sam-
ple. These two pronounced discontinuous kinks of resistance
can correspond to the abnormal changes in the above high
pressure Raman spectra and clearly provide a further proof
that BVO undergoes a phase transition near 4 GPa and a
pressure-induced amorphization near 11 GPa.

J. Appl. Phys. 118, 035902 (2015)

FIG. 5. The crystalline original phase
of SVO/BVO is restored after heating
the samples at 623 K, which is indi-
cated by the sharp bands in the corre-
sponding spectrum.

FIG. 6. (a)—(c) The Nyquist plots of
impedance spectroscopy of BaV,0g at
different pressures. The AC impedance
spectroscopy is measured in the fre-
quency range of 1Hz—-10MHz. (d)

Equivalent circuit is used to represent
the electrical properties of BaV,0q¢ at

1.8 GPa.

1.5x10°

1.0x10°

5.0x10°

Resistance (ohm)

BVO

10.7 GPa

.l

FIG. 7. The fitting result of the resistance of BaV,0g¢ versus pressure.
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IV. CONCLUSION

In the present work, the structural and electrical trans-
port properties of SVO/BVO at high pressures have been
studied with Raman spectra and AC impedance spectra. A
pressure-induced structural phase transition in SVO is
observed at 3.9 GPa, and the same phase transition happens
in BVO at 4.3 GPa. Our Raman experimental results indicate
that PIA of SVO/BVO is found to occur at 10.1 and 9.3 GPa,
respectively. The transformation of PIA is involved with the
tetrahedral VO, chains breaking up abruptly at the transition
pressure. After releasing the pressure, the amorphous struc-
ture does not have enough energy to rearrange itself into a
crystalline structure and instead it remains the amorphous
phase. However, by given enough thermal energy, these
amorphous phases of SVO/BVO can revert to their ambient
phases after heating the reclaimed samples at 623 K.
Meanwhile, the structural phase transition and PIA of BVO
are also observed to be accompanied by the sudden changes
of its resistance at high pressures. These results should be
helpful for better understanding of the physical properties in
this type of materials.
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