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Abstract. By subjecting materials to high pressures one can significantly reduce inter-
atomic and intermolecular distances. This causes drastic changes in the nature of elec-
tronic and vibrational states and also in bonding, bringing about several unusual struc-
tural, electronic and magnetic phase transitions. In addition, these studies provide a very
useful data about the equation of state of the materials of interest. Several examples from
our work are presented which elucidate the richness of physics under these conditions.
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1. Introduction

In nature the pressure ranges almost sixty orders of magnitude, lowest being the
pressure of hydrogen in the intergalactic space (10732 bar) and highest in a typical
neutron star (103! bar). In the laboratories the materials can be studied under
a pressure higher than at the centre of earth, which is about 3.6 Mbar. Subject-
ing materials to such high pressures leads to substantial reduction of volume and
interatomic distances, which are easily an order of magnitude higher than what
is possible with the temperature variation. From the basic physics perspective,
this permits studies over a very wide variation of interatomic/intermolecular in-
teractions, providing a more thorough validation of understanding of materials.
Understandably, the pressure has a significant effect on the superconductivity —
the critical temperature can be tuned [1]. In many materials, magnetically ordered
state gets suppressed at high pressures — iron becoming nonmagnetic at ~12 GPa
[2]. Some intermetallics show coexistence of superconductivity and magnetism un-
der high pressures [3]. High pressure studies are also of geochemical interest, for
example, methane production from a mixture of FeO, CaCO3 and HyO has raised
hopes of man-made production of natural gas [4]. In addition, such studies provide
very useful data on the equation of state of materials. Due to myriad applications
of these studies, several laboratories across the world are engaged in the study of
materials under high pressures.
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Materials under pressures can be studied either by static devices such as diamond
anvil cells or other kinds of presses or may be studied under shock loading using a
variety of guns or lasers. The main differences between these two techniques are the
concomitant temperature increase as well as the higher strain rate increase in the
dynamic pressure loading. Due to these reasons, results are sometimes different in
shock conditions when compared to static pressure studies. However, methodology
exists for inter-comparison of the data obtained from these techniques. In BARC,
the studies of materials under high pressures is being carried out for more than
three decades employing several experimental and theoretical techniques [5-10]. In
this short writeup, a few of the very recent examples of such studies, in which I
have been personally involved, are presented.

Most of the experimental studies being presented in this paper have been carried
out using diamond anvil cells. This small press comprises of two tiny (~0.3 carat)
diamonds forming anvils, on which a metal gasket is mounted and preindented
from its initial thickness of ~250 um to ~70 pm. A hole of ~100 pm is drilled
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Figure 1. X-ray diffraction patterns of Si nanowires under pressure. The
diffraction pattern on release of pressure (marked R) can be fitted with R8

structure.
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in the centre of this metal sheet which serves as a pressure chamber in which
the material for study, a pressure marker (ruby, gold, copper etc.) and pressure
transmitting liquid (methanol, ethanol mixture or argon) are loaded. Pressure is
raised by pressing the diamonds against each other using an appropriate mechanism.
As the typical amount of material of interest is very small (~ a few picoliter),
these studies require intense sources for measurements. While Raman studies can
be carried out using a laser, x-ray diffraction and IR studies require synchrotron
sources. Our group has carried out numerous studies using a variety of techniques,
a few representative examples of which are given here. All x-ray diffraction studies
presented here have been carried out at the synchrotron sources.

2. Nanomaterials
2.1 87 nanowires

Bulk silicon is known to undergo several phase transitions under pressure. For ex-
ample, cubic diamond phase transforms to tetragonal (3-tin) phase at ~11 GPa
which sequentially transforms to orthorhombic (Imm) phase at ~13 GPa, to prim-
itive hexagonal phase at ~16 GPa, to Cmca at ~38 GPa, to hcp at 42 GPa and
finally to fcc at ~78 GPa [11-15]. These transformations are known to be by and
large reversible, except that on release of pressure, 5-tin phase transforms to BC8
or R8 phase instead of cubic diamond phase [16]. Earlier on we had shown that
[-tin — primitive hexagonal phases are related through a soft mode [17], via an
intermediate orthorhombic phase, which was discovered later [18].

Our x-ray diffraction (figure 1) and Raman studies on Si nanowires (diameter
70-350 nm) reveal that while cubic phase transforms to the tetragonal phase at
lower pressures (~7.5 GPa), other phase transitions, observed up to 22 GPa are
more or less in agreement with the results of studies on bulk Si [19]. However,
in the cubic phase the shift of Raman modes with pressure, shown in figure 2,
have interesting differences from the bulk and porous Si, implying some kind of
localization of vibrations.

2.2 Carbon nanotubes

2.2.1 Single wall carbon nanotubes. The behaviour of single wall carbon nanotubes
has been investigated under hydrostatic and non-hydrostatic pressures using Raman
scattering and x-ray diffraction measurements. Our Raman studies reveal that
the pressure transmitter has observable consequences through the interaction of
pressure medium with the tubes. Under hydrostatic conditions, x-ray diffraction
studies reveal that the tubes continue to retain the two-dimensional translation
order up to ~8 GPa and lose this order reversibly at ~9 GPa [20]. Just before
losing the two-dimensional translational order, we observe significant relaxation in
the basal plane strain, as shown in figure 3, which is also vindicated by the Raman
results [21]. In addition, Raman results show that the radial modes reappear even
after release of pressure from ~26 GPa. Prior to our studies, a piston cylinder
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Figure 2. Pressure dependence of Raman active mode. Dashed line repre-
sents porous Si, dotted line the Si nanowires and solid line the Raman shift in

bulk Si.
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Figure 3. Variation of d-spacings of various diffraction lines with pressure.

study of the compressibility of the tubes had suggested that the tubes are extremely
compressible, with a bulk modulus of ~1 GPa [22]. Our studies reveal that under
hydrostatic pressures, the observed bulk modulus is ~34 GPa, i.e. more than an
order of magnitude higher than that observed earlier. In addition, the tubes are
found to be less compressible compared to even graphite. These results of bulk
modulus are in agreement with the model in which tubes act as coupled elastic
tubes [23]. Moreover, the compression behaviour observed by us has been found
to be compatible with the recent first principles calculations [24]. These studies
display the mechanical resilience of these tubes under hydrostatic compression.
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Figure 4. Variation of the average intershell distance dy of Fe-filled MWNTs
with pressure. Solid triangles indicate increasing pressure and open triangles
indicate decreasing pressure, and pristine MWNT is indicated by solid circles.
Variation of doo2 line of graphite (dash line) is also plotted for comparison.
For the sake of clarity, the left side of y-axis is for the filled tubes and graphite,
whereas the right side is for pristine tubes. The inset shows variation of the
linewidth of the MWNT diffraction line for iron-filled MWNT.

Under non-hydrostatic pressures (no pressure transmitting fluid) the compress-
ibility of these nanotubes is found to be almost twice when compared to the re-
sults of hydrostatic compression [25]. Under these conditions, x-ray diffraction
results show that the tubes lose the translation order at ~2 GPa and this change
is reversible up to ~6 GPa and becomes irreversible beyond that pressure. The
pressure-induced Raman shifts confirm these results and also show that the tubu-
lar nature re-emerges on release of pressure from even 30 GPa while x-ray diffraction
results imply that the translational periodicity, characteristic of a bundle does not
re-emerge from the release of pressure from such high terminal pressures. Moreover,
comparison of these results with other measurements [26,27], claimed to have been
carried out at hydrostatic compressions, indicate that the phase transition observed
at ~1.75 GPa as well as reversibility from the compression under 4 GPa may be
due to the non-hydrostatic pressures.

2.2.2 Fe-filled carbon multi-wall tubes. The recorded x-ray diffraction of the Fe-filled
multi-wall nanotubes show that the diffraction pattern has three components, viz.,
due to multi-wall tubes, bece iron and interfacial Fe3C with the relative abundances
of 54:36:9 [28]. High pressure behaviour of pristine multi-wall tubes is also inves-
tigated and these studies show that these multi-wall carbon nanotubes (MWNTS)
do not undergo any phase transition up to 20 GPa, though these gradually become
amorphous beyond 10 GPa. Figure 4 summarizes the results of our observations.
Bcec iron in the tubes also shows no phase transition up to 20 GPa, in contrast
with the bulk iron which undergoes a bce to hep phase change at ~12 GPa [28].
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Figure 5. Schematic representation of high pressure optical absorption
set-up.

However, Fe-filled tubes and Fe3C undergo a simultaneous phase change at ~9
GPa. Iso-structural phase transformation observed in FezC at 9 GPa is in contrast
with the behaviour of bulk FesC which shows no structural change up to ~70 GPa
[29]. In addition, bee iron as well as FezC are far more compressible than their bulk
counterparts as reflected in their bulk moduli which are 90 GPa (170 GPa) and 135
GPa (175 GPa), where the numbers in the parenthesis indicate the values for the
bulk.

3. Scheelite compounds

There are several alkaline earth molybdates and tungstates which crystallize at am-
bient conditions in the tetragonal layered structure with space group I4;/a. These
compounds are known to have several applications such as scintillators, laser host
materials, cryogenic detectors for dark matter etc. Earlier high pressure studies,
based on packing considerations, suggested that these materials would transform to
a monoclinic wolframite structure [30]. Several recent investigations suggest that
under high pressures these could transform to wolframite [31], fergusonite [32] or
HgMoOy [33] structure. We have investigated the high pressure behaviour of two
of these compounds, namely BaWOy, [34] and BaMoOy [35]. Raman and x-ray dif-
fraction measurements show that both these compounds transform at ~6-8 GPa,
to a denser phase, the structure of which is unambiguously fergusonite. At still
higher pressures these undergo another phase change to a structure which has a
monoclinic cell but the structure of which is inconsistent with recent first principles
calculations [36].

4. Light absorption experiments under pressure

To study the variation in the band gap of the materials under pressure, we have
set up light absorption experiments [37], the schematic of which is given in figure
5. This instrument is able to focus monochomatized light onto a single crystal in a
diamond anvil cell to ~10 pm, as shown in figure 6.
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Figure 6. Microphotographs of Hgls single crystal in the gasketed diamond
anvil cell taken at different pressures (a—f). The circular spot in (a) indicates
the typical size of the monochromatic beam focused onto the sample. At 1.3
GPa initially red crystal turns yellow.

Our study on Hgls, a layered compound, shows that it undergoes two phase
transformations [37]. The tetragonal to orthorhombic phase transformation, ob-
served at 1.4 GPa, is accompanied by an abrupt increase in the band gap while the
nature of the gap does not change. However, across the orthorhombic to hexagonal
phase transformation, observed at 7.2 GPa, the gap decreases discontinuously and
changes from direct to indirect type. These studies suggest that Hgls may metallize
at 40 GPa, if not prevented by any other structural change. The observed changes
in the band gaps are shown in figure 7.

5. Germania

GeO, is an important geophysical material, partly due to several similarities of its
behaviour to SiO [38]. Recent studies show that a-GeOs, having quartz structure
transform to a monoclinic phase at high pressures [39]. Vitreous form of GeOs
has been claimed to transform to the denser phase through a state in which Ge is
coordinated with five oxygen atoms [40]. In addition, another investigation claimed
that melt GeO, transforms to a denser liquid phase under pressure [41]. So as to
gain insight into the mechanism of these changes, molecular dynamics simulations
were carried out on various phases of GeOg [42].

Our results show that a-GeOq transforms to the -quartz form at ~1050 K and
it melts at 1500 K. Agreements of these results indicate that the pair potentials [38]
being used in these simulations are reasonable for studying the structural variations.
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Figure 7. Pressure dependence of the band gap in Hgl,. Band gap increases
abruptly at 1.4 GPa (direct—direct transition) followed by another (direct—indi-
rect transition) at ~7.0 GPa. Upon release of pressure, the observed changes
in the gap do not retrace the changes observed on pressure increase.
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Figure 8. Variation of volume with pressure for vitreous GeO2 at 300 K.

Our simulations under high pressures show that at ~9 GPa, a-GeO, transforms
to a partially disordered structure, the diffraction pattern of which is in reasonable
agreement with the experimentally observed monoclinic structure. The Ge-O co-
ordination number increases smoothly but Ge is not fully six-coordinated even at
20 GPa.

Vitreous GeOsy was generated by rapid cooling of the liquid phase from 3500 K,
and its computed partial structure factors agree well with the experimental results.
Subjecting this phase to high pressures lead to systematic (and almost reversible)
densification (figure 8) and in the denser phase Ge-O coordination increases as
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Figure 9. Variation of fractional abundance Ge-O coordination with pres-
sure for vitreous GeOs at 300 K.
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Figure 10. Variation of the volume of molten GeOz on increase of pressure
at 1500, 1650, 2000 and 2500 K.

shown in figure 9. Our simulations show that although almost 50% Ge are coor-
dinated to five oxygen atoms, the average coordination shows no plateau at five
coordination (figure 9), raising a doubt on the claims of observance of five coordi-
nated stable state at high pressures. Coordination number increases smoothly up
to ~30 GPa to a value of 5.6. On release of pressure, the densified phase smoothly
transforms back to almost octahedrally coordinated phase.

Liquid phase transforms to a denser phase when subjected to pressures which
increase with the temperature of the initial liquid phase. This first-order phase
transition is also accompanied by an abrupt increase in Ge—O coordination and
hence increase in Ge-O bond length, as observed in the experiments [41]. The
computed variations are shown in figures 10-12.

We characterize the nature of higher pressure phase by evaluating the shear
rigidity of the new phase. While the starting liquid phase has no shear rigidity,
the denser high pressure phase is found to have the shear rigidity indicating that it
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Figure 11. Variation of Ge—O distance and coordination for the initial liquid
phase with pressure.
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Figure 12. Variation of fractional abundance of Ge-O coordination with
pressure for the phase which was liquid at 1650 K.

may be a solid glassy phase rather than a denser liquid phase. These results should
encourage more careful experiments on the liquid phase.
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