CRITICAL REVIEW

www.rsc.org/csr | Chemical Society Reviews

High-pressure structures and phase transformations in elemental metals

Malcolm I. McMahon and Richard J. Nelmes

Received 6th July 2006

First published as an Advance Article on the web 30th August 2006

DOI: 10.1039/b517777b

At ambient conditions the great majority of the metallic elements have simple crystal structures,
such as face-centred or body-centred cubic, or hexagonal close-packed. However, when subjected
to very high pressures, many of the same elements undergo phase transitions to low-symmetry and
surprisingly complex structures, an increasing number of which are being found to be

incommensurate. The present critical review describes the high-pressure behaviour of each of the

group 1 to 16 metallic elements in detail, summarising previous work and giving the best present

understanding of the structures and transitions at ambient temperature. The principal results and

emerging systematics are then summarised and discussed.

1. Introduction

Many new elemental structures have been discovered in the
last 10 years. In this review, we focus on those elements that
are metallic or semi-metallic under ambient conditions as it is
in these that the most new structures and striking structural
complexity have been found. Amongst the elements that we
will cover—as highlighted in Fig. 1—particularly remarkable
increases in complexity under pressure have been found so far
in groups 1, 2, 3, 13, 15 and 16. We first briefly overview what
is known of the elements as a whole, and outline the
experimental advances that have revealed so many new
structures in recent years.

The elements are the most fundamental materials and their
high-pressure behaviour has attracted the attention of many
researchers since the pioneering work of Bridgman in the first
half of the 20th century.! At ambient conditions, the majority
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of the solid, non-molecular elements adopt very simple high-
symmetry structures, many of which are body-centred cubic
(bcce), face-centred cubic (fcc), cubic close-packed or hexagonal
close-packed (hcp).? Tt might be expected that these would
merely compress under high compression and that those
elements whose structures were not yet close-packed or bcc
would become so. However, differences in the density
dependence of electronic energy levels can change the nature
of the bonding such that there may be structural transitions to
phases with lower symmetry and less close packing than found
at ambient pressure. Changes of structure and electronic
energy levels can also give rise to dramatic changes in physical
properties. Elements that are insulators at ambient pressure
exhibit structural phase transitions accompanied by metalliza-
tion and the onset of superconductivity,” and even elements
such as boron,* oxygen® and sulfur® have been observed to
become superconducting metals at very high pressures. Indeed,
a recent review of pressure-induced superconductivity in the
elements® reveals that the number of known elemental super-
conductors has been increased by over 70% by high-pressure
studies. Applying pressure can also induce transitions from
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Fig. 1 The periodic table showing shaded the elements covered in this review. Groups are numbered at the top of each column.

molecular to non-molecular structural forms,” convert gra-
phite into diamond,® and polymerise simple molecules such as
N>.” And the conversion of gaseous molecular hydrogen to a
monatomic metallic superconductor is, for many, the “holy
grail” of high-pressure physics.'”

Reviews of what was known about the high-pressure
behaviour of the elements as of 1976 and 1991 can be found
in Refs 11 and 12, respectively. The work described therein
established general structural trends within the different
groups of the periodic table, in particular the fact that the
heavier (higher-Z) members of a group tend to follow the same
general sequence of structural changes as the lighter members
but at lower pressures—and this still broadly remains the case.
The extensive information then available, particularly for
elements like silicon, also proved important in testing the first
ab initio computational studies of structural density depen-
dence in the 1980’s.'*!'* The majority of the high-pressure
phases successfully studied at that time involved transitions to
simple, high-symmetry (cubic, tetragonal or hexagonal)
structures, although there were already known to be a
significant number that appeared more complex and resisted
attempts at solution.'? There were also several high-pressure
phases, such as Bi-IIL,'> whose published structures did not
provide as good a fit as might be expected to the data.

The problem in solving complex structures at high pressure
arose through two principal difficulties: first, the perceived
necessity of using powder-diffraction methods, because single-
crystals did not typically survive the strongly first-order
transitions observed on compression; and secondly the use of
energy-dispersive diffraction techniques which utilised intense
polychromatic X-ray radiation to overcome the weak signal
given by the small volume of samples at very high pressures in
typical pressure cells. These techniques were highly successful
in enabling the high-pressure behaviour of many of the
elements to be followed to above 100 GPa and their phase
diagrams to be mapped over wide ranges of pressure and
temperature,'? but the modest resolution and unreliable peak
intensities of energy-dispersive powder diffraction data pre-
vented the solution of more complex structures. The introduc-
tion of image-plate area detectors in Japan in the early 1990’s
opened up a move to angle-dispersive powder-diffraction
methods'® which were then developed at the SRS synchrotron
in the UK into powerful techniques that exploit both the
higher resolution of angle-dispersive methods and also the
potential of an area detector to give data with better powder

averaging.!” Our developments at SRS introduced the use of
pressure cells with wide-angle conical apertures, full 2-D data
collection and integration of the 2-D powder patterns,'” which
resulted in unprecedented sensitivity to the weak diffraction
features that reveal reduced symmetries. The integration of full
2-D patterns also provided much more accurate peak
intensities, making full-profile (Rietveld) refinement of high-
pressure phases routinely possible for the first time. This
approach has since revolutionised high-pressure structural
studies using powder diffraction methods and led to much new
work on the elements.

An unexpected outcome of the move to these optimised
angle-dispersive methods was the discovery of structures that
were still too complex to solve! It became clear that the level of
structural complexity being uncovered was such that the
intrinsic 1-D nature of powder diffraction data, and the
consequent peak overlap, was becoming the limiting factor in
some cases. Our group therefore started to develop the use of
single-crystal methods. One of the factors that limited the
effectiveness of powder methods was the tendency of complex
phases with one or more large unit-cell dimensions to form
quite large crystallites, and thus give ‘spotty’ powder patterns.
It often proved possible to exploit this tendency to recrystallise
and use it to grow a small number of crystallites from which
quasi-single-crystal data could be obtained by collecting data
on a 2-D CCD detector and determining the orientations of
the various crystallites.18 In one case, a structure was solved
from a sample made up of seven slightly misaligned crystal-
lites.'” And it also proved possible sometimes to coax quasi-
single crystal samples through first-order phase transitions that
had been thought to prevent the use of single-crystal
methods.?® In these ways, single-crystal diffraction techniques
have been successfully applied to a growing number of studies
of high-pressure phases previously thought to be accessible
only to powder methods.

Powder and single-crystal diffraction studies of the past
decade, using these refined methods, have revealed a wealth of
previously unidentified phases, resolved previous ambiguities
in the reported structures, and uncovered a number of wholly
new complex structure types previously unknown in the
elements. These have included remarkable surprises like
composite incommensurate phases, and fcc Cs transforming
under pressure into a complex modulated layer structure
with 84 atoms in the unit cell.'® At the same time, there have
been advances in other experimental techniques, such as
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spectroscopy and transport-property measurements, and
developments in computational methods, particularly in
the availability of greater computer power allowing the use
of ab initio density functional methods.?! Tonkov and
Ponyatovsky>> have recently published an extensive overview
of the current state of the wider experimental knowledge about
the elements under pressure, including also reference to key
calculations.

Our review focuses on structural aspects, and provides
details of all the known high-pressure transitions and phases in
the elements that are metallic or semi-metallic at ambient
pressure, as explained above. However, we have omitted the
lanthanides and actinides: their electronic configurations mean
that their high-pressure behaviour is generally unique to those
groups of elements and, given this and their extensive
literature, they merit a separate review. Two exceptions are
the inclusion of the ambient-pressure insulator S for compar-
ison with Se and Te, and the inclusion of the actinide U as it
has an incommensurate phase to be compared with those in
the group 16 elements. We also focus on structures and
transitions as found at room temperature, where almost all
detailed structure determinations have so far been made. Much
is known about the P-T phase diagrams of the elements from a
wealth of density, electrical, thermal, spectroscopic and
(energy-dispersive) diffraction measurements, as reviewed by
Tonkov and Ponyatovsky,?* and there is a clear need for high-
resolution structural studies at high and low temperatures, but
few have so far been carried out. The lack of high-temperature
data at high pressure means that there is also little in detail yet
known about the high-pressure structures of the liquid phases.
However, the same angle-dispersive techniques used for
powder diffraction are being used increasingly to carry out
such,*° and melting curves are being determined to extremes
of pressure and temperature.’’” A particular driving force
behind this work is to understand Fe at Earth core
conditions.?®

In the next section, we provide a summary and description
of the key structures to be discussed in the rest of the review. In
Section 3, we review groups 1 to 16 in turn, summarising
previous work and giving the best present understanding of the
room-temperature structures and transitions. The principal
results and emerging systematics are summarised and dis-
cussed in Section 4.

2. Structures

The key new structures in the metallic and semi-metallic
elements fall naturally into 4 categories: incommensurate
composite structures, incommensurately modulated structures,
modulated layer structures, and other complex structures. In
this section, we provide a detailed description of all of these,
and the form they take in the phases in which they occur. We
group the ‘other complex structures’ together with other non-
simple-close-packed structures in Section 2.4, and do not
include the commonly occurring body-centred cubic (bcc),
face-centred cubic (fcc) and hexagonal close-packed (/icp)
structures. We refer the reader to the excellent descriptions
given by Donohue? for the details of some of the more long-
established and well known ambient-pressure structures

2.1 Incommensurate composite structures

Incommensurate composite structures comprise two inter-
penetrating components, a ‘host’ and a ‘guest’, which are
incommensurate with each other along one or more axes. This
structure type is well known in organic, inorganic, organo-
metallic and mineral compounds (see Ref. 29 for examples)
but, given its two-component nature, is very unexpected in
elements and is not known in any of them at ambient pressure.
However, after it was first found above 12 GPa in barium in
1999,%% it has been observed in high-pressure phases of seven
other elements,* 7 and has thus emerged as an important
elemental form. The first solution of a structure of this wholly
unexpected kind could have been achieved only with single-
crystal methods, as the incommensurate nature of the structure
meant that standard indexing methods would have been
unsuccessful. Ba-IV also gives strongly textured, “spotty”
diffraction patterns*® and it was this that we utilised to grow a
high-quality single crystal of the phase.

The composite structure of Ba-IVa, as viewed in projection
down the ¢ axis, is shown in Fig. 2a. The 8-atom host structure
has space group I4/mcm, with atoms on the 8 site at
(0.1486(1), x + %,0) and tetragonal lattice parameters ay =
by = 8.4207(13) A and ¢y = 4.7369(4) A at 12.1 GPa.>*37 This
host framework has octagonal channels along the c-axis,
contained within which are linear chains of atoms that make
up the guest structure, which is C-face centred monoclinic,
space group C2/m (Fig. 2b), with ag = 8.4623(35) A, bg = by,
cG = 3.4269(7) A, and fg = 96.151(9)° at 12.1 GPa.**¥" The
host and guest structures are commensurate with each other in
the a-b plane, but they are incommensurate with each other
along their common c¢ axis. Ba-IVa also exhibits a second,
coexisting guest structure, which is C-face centred tetragonal
(Fig. 2¢), space group C4/mmm with ag = ayy = 8.4207(13) A
and ¢g = 3.4117(5) A at 12.1 GPa, but this appears not to be
an equilibrium form.**3’

Structures with the same 8-atom host framework have been
found in Sr, Sc, As, Sb and Bi’"**°7 and, with a small
distortion to monoclinic symmetry, in As and Sb.3*%
Similarities with Ba-IV suggested the same structural type,
and the details were solved from powder data, although in the
case of Bi a quasi-single-crystal sample was used to show the

Fig. 2 (a) Structure of Ba-IVa shown in projection down the c-axis
(see Ref. 30). The host atoms, in layers at z = 0 and %, are shown using
light grey shading and the guest atoms chains with dark grey shading.
Insets: perspective views of the coexisting (b) monoclinic and (c)
tetragonal guest structures in Ba-IVa.
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incommensurate nature of the structure unequivocally.** A
different structure of the same type was first discovered in Rb™*
and has since been found in K.** In these elements, the host
structure has the same tetragonal /4/mcm space group as in Ba,
Sr, Sc and Bi, but is made up of 16 atoms.>>** The Rb-IV
structure at 16.8 GPa is shown in projection down the ¢ axis in
Fig. 3a with host atoms on the 16k site of I4/mcem at
(0.7903(1),0.0851(1),%2) in a unit cell with lattice parameters
ay = by = 10.3503(1) A and ¢y = 5.1865(2) A.*? The guest
structure is body-centered tetragonal, space group I4/mmm,
with ag = bg = ay and ¢ = 3.1797(6) A (Fig. 3b).

Although the general arrangement of the host framework is
the same in all eight elements, as illustrated in Figs. 2 and 3,
various different guest structure arrangements are made
possible by the freedom of the guest chains to adopt different
relative positions along the c-axis. As seen in Ba-IVa, there can
even be a clearly monoclinic guest, with a 3 angle of ~96°, in a
host that is not detectably distorted from tetragonal symmetry.

A more complete and rigorous description of these
structures can be obtained within the formalism of 4-D
superspace, in which the periodicity of incommensurate
structures of this kind is recovered in a 4-dimensional space.’®
Diffraction peaks are then indexed using four Miller indices
(hklm), instead of three, and the symmetry is described using
4-D superspace groups. The reflections from the ‘host” and
‘guest’ components of the structure are indexed as (/4k/0) and
(hkOm), respectively. The other, general (hklm) reflections arise
from modulations attributable to interactions between the host
and guest components. These reflections are often very weak,
but are important to a full structural description and their
intensity gives a direct indication of the strength of the host—
guest interaction. A complete description can thus be obtained
either in terms of a single structure in 4-D superspace, or in
terms of separate 3-D host and guest components plus a
mutually modulating interaction between them. The former is
required for full structure refinement and formal description,
but we will continue to use the latter where it aids discussion
and comparison of structures. A detailed account of super-
space methods is beyond the scope of this article, but can be
found in the comprehensive review by van Smaalen.*®

Fig. 3 (a) Structure of Rb-IV shown in projection down the c-axis
(see Ref. 32). The host atoms, in layers at z = 0 and %, are shown using
light grey shading and the guest atoms chains with dark grey shading.
Insets: perspective views of the (b) body-centred and (c) face-centred
guest structures in Rb-IV and K-III, respectively.

The superspace groups of the coexisting phases of Ba-IVa
with the C-face centred tetragonal and monoclinic guest struc-
tures are, respectively, 4/mcm(00¢g3)0000, with g3 = cyleg =
1.3884(2), and I2/¢(q,0¢3)00, with ¢; = (agcosfig — apcosfy)/
cG = 0.263(2)* and g5 = 1.3823(3) at 12.1 GPa.*” In the latter
case, the description in a monoclinic superspace group
underlines that both host and guest structures have to be
treated as monoclinic, although we have observed no
detectable evidence of any deviation of the host structure
from tetragonal symmetry. Sr-V and Sc-II also have C-face
centred tetragonal guest structures,®’*® and they have super-
space group I4/mcem(00¢3)0000 with g3 = 1.404(1) at 56 GPa
and with ¢; = 1.2804(3) at 23 GPa, respectively.*'*® Bi-III has
a body-centred tetragonal guest structure, which leads to a
superspace group symmetry I'4/mem(0043)0000, where [’
denotes the centring ('2,%,%,%) in superspace and ¢3; =
1.309(1) at 6.8 GPa.**?” Sb-IV and As-III differ in having a
host structure with a small but readily measurable distortion
from tetragonal to monoclinic. The host and guest components
are both body-centred monoclinic, with 3-D space groups 12/c
and I2/m respectively, and the resulting superspace group is
I'2/¢(q10¢3)00, with ¢; = 0.1662(1) and g3 = 1.3132(1) in Sb-IV
at 6.9 GPa, and with ¢; = 0.1162(3) and ¢3 = 1.3047(1) in
As-II1 at 50 GPa, respectively.>374°

The Rb-IV guest structure is body-centered tetragonal,
space group [4/mmm, and the superspace group of the
full structure is I'4/mem(00¢3)000s with ¢; = 1.631(2) at
16.8 GPa.*>37 In K-III, the guest structure is also tetragonal,
but C-face centred (Fig. 3c), with 3-D space group C4/mmm.
The resulting superspace group is then 4/mem(00¢3)000s, with
g5 = 1.603(2) at 22.1 GPa.*?

An aspect of composite structures is that, because the host
and guest components are incommensurate along ¢, the host
unit cell contains a non-integer number of atoms. The total is
made up of 8 host atoms (or 16 in Rb and K) and 2 x (cy/cg)
guest atoms so that in Ba-IVa at 12.1 GPa, for example, the
structure with the monoclinic guest component has 10.76 atoms
per host unit cell. This has solved some longstanding puzzles
about the density of some phases—in Bi-III and Sb-II, for
instance.** Because the host component (with its greater
number of atoms) gives much stronger diffraction peaks than
does the guest component, earlier attempts to solve the
structures of these phases yielded non-composite solutions
based on an integer number of atoms in the host unit cell.
These failed to give calculated densities in agreement with
Bridgman’s measurements, whereas the host-guest structures
provide strikingly good agreement.** Another, and intriguing,
feature of this type of structure is that any difference in
pressure dependence between cy and c¢g causes the total
number of atoms in the host unit cell to change. In Ba-IVa, ¢y
is more compressible than c¢g, so that increasing pressure must
cause guest atoms to be squeezed out of the structure; and
decreasing pressure must somehow draw atoms into the host
channels.

2.2 Incommensurate modulated structures

The only element known to have an incommensurate
modulated structure at ambient pressure is uranium, in which
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a phase of this kind occurs at low temperatures, below 43 K.*!
Under pressure, this type of structure has been found so far in
the group 16 elements Te,”® Se** and S.** (It has also been
observed in iodine** and bromine* under pressure, but neither
of these structures is described here.) A structure of this type
can be regarded as a basic 3-D structure with the atoms
displaced by a modulation wave, the wavelength of which is
incommensurate with the basic structure repeat. As a
consequence, the atomic positions in every unit cell of the
structure are slightly different, and the diffraction pattern
contains reflections from the average structure, and other
‘satellite’ reflections arising from the modulation. This is to be
distinguished from the incommensurate composite structures
where the incommensuration arises from the different periodi-
cities of the component structures and the modulations are
relatively weak. In that case, the (iklm) modulation reflections
are very weak, and often too weak to measure, whereas in the
incommensurate modulated case the satellite reflections can
often be comparable in intensity with many of those from the
average structure—which can make solution from powder
diffraction data almost impossible. These structures thus
generally require single-crystal data in order to determine the
structures, whereas the weakness of the modulation reflections
in the composite structures enables the structures to be solved
from powder data once the possibility of the structure type is
known.

In uranium, the modulated phase is believed to arise as a
result of a charge density wave (CDW).*' The average
structure of the incommensurate phase is orthorhombic, space
group Cmem, with atoms on the +(0,y, ¥4) positions, with y ~
0.1023(2) at room temperature.” This average structure is
shown in Fig. 4. The modulation of the structure is extremely
complex, and has been the subject of a number of detailed
neutron diffraction studies,>***” and the g-vector of the CDW
is given by ¢ = g.a* + q,b* £ q.c*, where g, = 0.500(1), ¢, =
0.176(2) and ¢. = 0.182(2) at 5 K.*! More recently, is has been
shown that ¢, = 0.495(3) at 40 K,*” and that, while g, and q.
are temperature dependent above 22 K, they lock into
commensurate values of 1/6 (0.1666) and 5/27 (0.1852),
respectively, below that temperature.*’

The modulated phases of Te, Se and S all have the same
incommensurate structure, different from that in U, as first
observed in Te-111.%7*° We made many unsuccessful attempts
to solve this structure from powder data, and the true

a

Fig. 4 Average crystal structure of o-uranium (see Ref. 41). Contact
distances up to 2.9 A are shown as solid lines. The incommensurate
modulation of the structure is not shown.

Fig. 5 Part of the diffraction pattern from a quasi-single crystal of
Te-III at 7.4 GPa showing the main (M) and satellite (S) Bragg
reflections. The peak marked with a “D” is from one of the diamond
anvils in the pressure cell, and the diffraction ring marked “G” is from
the metal gasket.

incommensurate nature of the structure was recognised only
after a quasi-single crystal of Te-III was obtained at 7.4 GPa,
and data from it revealed clear evidence of satellite reflections
at (hk+q,0), with ¢» ~0.3 at 7.4 GPa (Fig. 5).>° The basic
3-D structure is body-centred monoclinic, space group I2/m,
with atoms on the 2« sites at (0,0,0). Refinement of powder-
diffraction data then showed the superspace group of the
Te-III structure to be I'2/m(0¢,0)s0, with « = 3.9181(1) A, b =
4.7333(1) A, ¢ = 3.0612(1) A, p = 113.542(2)° and ¢, =
0.2880(2) at 8.5 GPa, where (0¢,0) is the wavevector of the
incommensurate modulation.?’ Only first-order modulation
reflections are observed, and the modulation can therefore be
described using two first-order Fourier components B, =
0.0215(9) and B;. = 0.0925(7).° The resulting structure is
illustrated in Fig. 6 which shows four unit cells of the basic
structure, and the effects of the modulation wave. (Fig. 19
below provides another view of the same structure in which the
variation in position along the c-axis through the modulation
wave is shown in terms of the refined z coordinates.) This
structure has also been observed in Se-IV above 28 GPa*
where a = 3.2511(1) A, b = 4.0026(1) A, ¢ = 2.5735(1) A,
p = 113.277(3)°, ¢» = 0.2886(5), By, = 0.0236(11) and

Fig. 6 Four unit cells of the modulated structure of Te-III at 8.5 GPa,
as shown in projection down the monoclinic a-axis (see Ref. 20).
Atoms in the body-centre position are labelled with “'%”. The
modulation wave, (0,0.2880(2),0), is indicated with the dashed lines.
Note: The displacements of the atoms labelled '/ were shown
incorrectly in Refs. 20, 37, 42 and 85, though the description in terms
of structural parameters was correct. These atoms are displaced in anti-
phase to those at the corners of the unit cell, and not in phase as
previously shown.
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By. = 0.0900(8) at 42 GPa, and in S-IIT above 75 GPa,** where
a=2.802(1) A, b =3.455(1) A, ¢ =2.208(1) A, = 113.15(1)°,
¢>=0.281(1) B, = 0.028(1) and B,. = 0.118(1) at 100.5 GPa.*?

2.3 Modulated layer structures

Structures made up of various different stacking sequences of
similar 8-atom and 10-atom layers have been found at high
pressure in Cs,"® Rb" and Ga.* No structures of this kind are
known in elements at ambient pressure. There is also a high-
pressure structure in Li> that can be regarded as a stacking of
just the 8-atom layers, and thus as an unmodulated end
member of the group.®’

The first member of this group was found as the structure of
Cs-IIL'™ It is C-face-centred orthorhombic, space group
C222,, with 84 atoms in the unit cell. At 4.3 GPa the refined
lattice parameters are a = 9.2718(1) A, b = 13.3013(3) A, and
¢ =34.2025(7) A, with four atoms located on a fourfold 45 site,
and the remaining eighty occupying ten eightfold 8c sites. The
atomic coordinates are given in Ref. 18. The structure, shown
in Fig. 7a, comprises 10 layers of atoms stacked along the
c-axis—two symmetry related 10-atom layers (shown in black),
and two different sets of four symmetry-related 8-atom layers
(identified using different shades of grey). The complexity of
this structure is such that it could only have been determined

(a) Cs-Ill

10

using single-crystal techniques, and we utilised the low melting
temperature of Cs at ~4 GPa to grow a single-crystal sample.

The second member of this family was found in Rb-IIL."°
Like Ba-IV, this phase gives strongly textured diffraction
patterns, and we exploited this to grow a quasi-single crystal of
the phase at 14.3 GPa. The space group is €222, the same as
Cs-I11, with refined lattice parameters of a = 7.886(2) A, b =
11.240(2) A, and ¢ = 18.431(2) A at 14.3 GPa. There are
52 atoms in the unit cell, with four located on a 4-fold 4b site
and the remaining 48 being located on six different eightfold 8¢
sites. The atomic coordinates are given in Ref. 19, and the
refined structure is shown in Fig. 7b. It can be seen to be
remarkably similar to that of Cs-III except that the two 10-
atom layers are stacked with only one set of four 8-atom
layers. It is readily apparent that the arrangement of atoms in
layers 1, 2, 3, and 4 of Rb-III is closely similar to that in layers
2, 3,4, and 5 of Cs-11I. As in the case of Cs-II1, it is unlikely
that this structure could have been determined other than with
single-crystal techniques.

The most complex member of this group of structures was
found in Ga-I1,* a structure long reported to be body-centred
cubic,” but shown—again using single-crystal techniques—to
have a C-face-centred orthorhombic structure, space group
(222, as for Rb-1I1 and Cs-I11I, with 104 atoms per unit cell.*’
The refined lattice parameters at 2.8 GPa are a = 5.976(1) A,

(b) Rb-Ill

Fig. 7 (a) Crystal structure of Cs-III as viewed along the a-axis of the orthorhombic unit cell (see Ref. 18). Contact distances up to 4.7 A are
shown as solid lines. The 8- and 10-atom layers are numbered and non-equivalent 8-atom layers are in two different shades of light grey. (b) Crystal
structure of Rb-I11 as viewed along the a-axis of the orthorhombic unit cell (see Ref. 19). Contact distances up to 4.1 A are shown as solid lines. The
8- and 10-atom a-b layers are numbered. Further details of the structures, including atomic coordinates and the structure of the individual a—b

layers can be found in Ref. 18 and 19.
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b =18.576(1) A and ¢ = 35.758(3) A, with eight atoms located
on two different 4-fold 45 sites and the 96 others occupying
twelve eightfold 8c sites. The atomic coordinates are given in
Ref. 49, and the structure is shown in Fig. 8. It can be
understood in terms of stacking of 8- and 10-atom layers that
are very similar to those in Rb-III and Cs-III, but with an
additional set of 10-atom layers (such as 1 and 7 in Fig. 8).
The final member of this family of structures is the body-
centred cubic structure observed in lithium above 42 GPa.>
This structure has space group 43d with 16 atoms occupying
the 16¢ sites at (x,x,x) with x = 0.055. The lattice parameter at
38.9 GPa is a = 5.2716 A.*° This structure is shown in Fig. 9,

Ga-ll

Fig. 8 Crystal structure of Ga-II as viewed along the a-axis of the
orthorhombic unit cell (see Ref. 49). Contact distances up to 3.3 A are
shown as solid lines. The 8- and 10-atom @b layers are numbered.
Non-equivalent 8-atom layers are in two different shades of light grey.
The 10-atom layers in black are oriented like those in Cs-III and Rb-
I (see Fig. 7); the 10-atom layers in dark grey—unique to Ga-II—
have essentially the same arrangement of atoms, but are rotated 90°
around the ¢ axis, compressed a little along a and stretched a little
along b. Further details of the structure, including atomic coordinates
and the structure of the individual a—b layers, can be found in Ref. 49
of Section 2.3.

Fig. 9 Crystal structure of Li-IV (see Ref. 50). The structure can be
regarded as a distorted 2 x 2 x 2 superstructure of the bcc structure,
and one of the eight distorted-bcc sub-units is highlighted with grey
solid lines.

and is a simple distortion of a 2 x 2 x 2 superstructure of the
body-centered cubic (bcc) structure, with each atom shifted
0.05 in fractional coordinates along one of the bcc [111]
directions.

2.4 Other complex and non-simple-close-packed structures

2.4.1 Cs-IV. The Cs-IV structure is observed in both Cs>
and Rb>? at high pressure. It is body-centred tetragonal, space
group I4,/amd, with four atoms per unit cell located on the 4a
site at (0,0,0).%% The lattice parameters in Cs-IV at 8.0 GPa are
a = 3.349(6) A and ¢ = 12.487(30) A,>* while in Rb at 28 GPa
they are « = 2.883 A and ¢ = 10.760 A.>* The space group and
atomic positions are the same as the B-tin structure (see section
2.4.3), but the Cs-IV structure is greatly elongated along the
c-axis. The structure is shown in Fig. 10.

2.4.2 Cs-V. The Cs-V structure is observed in Cs,** Rb,>
and also in Si*® and Ge®” at high pressures. It is C-face centred
orthorhombic, space group Cmca, with atoms located on the
8/(0,y,2) and 8d (x,0,0) sites.>® In Cs-V at 19.6 GPa, the refined
lattice parameters are a = 10.879(3) A, b = 6.443(2) A and ¢ =
6.389(2) A with the atoms located at (0,0.1781(2),0.328(2)) and
(0.2118(2),0,0).> In Rb-VI at 48.1 GPa, a = 9.3718(10) A, b =
5.5501(6) A and ¢ = 5.5278(6) A with the atoms located at

Fig. 10 Crystal structure of Cs-I1V (see Ref. 52). Contact distances up
to 3.6 A are shown as solid lines.
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Fig. 11 Crystal structure of Cs-V (see Ref. 54). The corner-sharing
octahedra are shown shaded.

(0,0.1704(9),0.3177(9)) and (0.2107(4),0,0).> The structure
is shown in Fig. 11, and can be regarded as a distortion of a
2 x |2 superstructure of fcc, and comprises layers of corner-
sharing octahedral groups lying in the orthorhombic b—c plane
and stacked along the a-axis.>*

2.4.3 p-Tin. Sr above 24 GPa>® adopts the B-tin structure
that is found in tin above 291 K at ambient pressure.> This
structure is also observed in Si and Ge at high pressures.” The
structure is body-centred tetragonal, space group 14,/amd, with
atoms on the 4a site at (0,0,0). In Sn at 298 K at ambient
pressure, a = 5.8316(2) A and ¢ = 3.1815(2) A.? In Sr-1II at
34.8 GPa, a = 5.504(2) A and ¢ = 2.960(2) A.>® The B-tin
structure is described in detail by Donohue.?

2.4.4 Sr-1V. The Sr-1V structure is unique to Sr where it is
observed above 35 GPa.®® It is body-centred monoclinic, space
group Ia, with 12 atoms located on three 4a (x,y,z) sites. The
structure can be viewed as a helical distortion of the tetragonal
B-tin structure (Sr-1II), in which atoms lying in (straight)
chains along the Sr-III c-axis displace to form helical chains.*
At 41.7 GPa, the lattice parameters are a = 5.7456(2) A, b =
7.8009(2) A, ¢ = 5.53703) A, f = 96.990(2)° and the
coordinates of the three independent atoms are (0.3039(13),
0.1574(11), 0.6322(21)), (0.4787(17), 0.5784(7), 0.4645(36)) and
(0.6840(8), 0.1445(11), 0.3459(19)). An excellent fit can be
obtained using a constrained model, with only a single variable
atomic coordinate, in which all atoms displace equal distances
from their p-tin positions in directions 120° apart in the (101)
plane—with one of the displacements along the Sr-III a-axis
direction (aqyp in Fig. 12). This model is fully described in Ref.
60. Using this constrained model, the refined atomic coordi-
nates at 41.7 GPa are (0.3031(2), 0.1545(3), 0.6353(3)),
(0.4889(1), 0.5847(4), 0.4885(1)) and (0.7079(4), 0.1358(1),
0.3762(4)).®° The structure is shown in Fig. 12.

2.4.5 Sc-V. The Sc-V structure is unique to Sc, where it is
observed above 240 GPa.®! It is hexagonal, space group P6,22
or P6s22, with atoms located on the 6a site at (x,0,0).°" At
242 GPa, the lattice parameters are a = 2.355(1) A and

Fig. 12 Crystal structure of Sr-1V as viewed along the c-axis direction
of the Sr-III structure, revealing the helical distortion along this
direction (see Ref. 60). The atoms in the helical chains are equally
spaced along the direction of view. Contact distances up to 3 A are
shown as solid lines.

¢ =10.446(3) A, and x = 0.461(1).°" The structure comprises
chains along the c-axis, in which each atom has two nearest
neighbours within the chain, and two slightly further away in
neighbouring chains, and can be regarded as a distortion of the
fee structure.®! The structure is shown in Fig. 13.

2.4.6 o-Ti. The o-Ti structure is observed in all of the group
4 elements (Ti, Zr and Hf) at high pressure, where it is
observed above 7-9 GPa in Ti, 6.7 GPa in Zr, and 46-58 GPa
in Hf.% % It is hexagonal, space group P6/mmm, with three
atoms per unit cell located on the la site at (0,0,0) and the 2d

Fig. 13 Crystal structure of Sc-V as viewed (a) along, and (b)
perpendicular to, the c-axis (see Ref. 61). Contact distances up to 2.1 A
are shown as solid lines.
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(b) &-Ti

Fig. 14 Crystal structures of (a) y-Ti (see Ref. 65) and (b) 8-Ti (see
Ref. 66). For y-Ti contact distances up to 2.4 A are shown as solid
lines. For &-Ti the related bcc unit cell is shown with solid grey lines.

site at (Y2,%,%). No lattice parameters are reported for the
o-phases in any of these metals at high pressure. At
atmospheric pressure, where the ®-phases are metastable
in Ti and Zr, @ = 4.625 A and ¢ = 2.813 A, and a = 5.036 A
and ¢ = 3.109 A, respectively.®> The structure is described in
detail in Donohue.?

2.4.7 y-Ti. The y-Ti structure is observed only in Ti at
pressures above 116(4) GPa.®® The structure, which can be
regarded as a distortion of the /cp structure, is C-face-centred
orthorhombic, space group Cmem, with atoms located on the
4¢ sites at (0,y,%). In y-Ti at 130 GPa, a = 2.382(1) A, b =
4.461(5) A, ¢ = 3.876(4) A and y = 0.11(1).53°® The structure
comprises zigzag layers of atoms, and is shown in Fig. 14a.

2.4.8 6-Ti. The 6-Ti structure is observed only in Ti above
140 GPa.® Like y-Ti, it is C-face centred orthorhombic, space
group Cmcem, with atoms located on the 4c¢ sites at (0,y,%).
However, the lattice parameters and atomic coordinate are
very different. In 8-Ti at 178 GPa, a = 3.8610(7) A, b =
2.6296(6) A, ¢ = 3.6323(4) A and y = 0.295(9)°° and the
structure can be regarded as an orthorhombic distortion of
the bce structure, and becomes identical to it if a/b = ¢/b = \s‘"2
and y = 0.25.% The &-Ti structure, and its relationship to the
bce structure, is shown in Fig. 14b.

2.4.9 a-Mn. At ambient pressure, manganese has a crystal
structure observed in no other element, under either ambient
or high-pressure conditions. The a-Mn structure is cubic, space
group I43m, with 58 atoms per unit cell.? The lattice parameter
at ambient conditions is « = 8.9129(6) A, and atoms are

located on a number of different crystallographic sites: two on
a 2a site at (0,0,0), 8 on an 8¢ site at (xy,x1,x7); and the
remaining 48 on two 24g sites at (x,X»,2>) and (x3,x3,23).> The
refined atomic coordinates are x; = 0.31765(12), x, =
0.35711(8), z, = 0.03470(11), x3 = 0.08968(8) and z3 =
0.28211(11).°” The details of the structure are complex, and

are described fully in Donohue.”

2.4.10 a-Hg. Mercury is a liquid at ambient conditions but
crystallises into the a-Hg structure on compression to 1.2 GPa
at room temperature.®® The same phase is observed at ambient
pressure on cooling below 234 K. Hg-I is rhombohedral,
space group R3m (hexagonal setting), with 6 atoms located
on the 6b sites at (0,0,0).%° The structure can be regarded as a
distortion of the fcc structure, in which compression along
the body-diagonal increases the rhombohedral angle from 60°.
In Hg at ambient pressure and 78 K, a = 3.4645 A, ¢ =
6.6772 A, and the rhombohedral angle is 70.7°.%° There are
no reported lattice parameters for o-Hg at high pressure.
But the same structure is observed in Li-IIT above 39 GPa,>
where the hexagonal lattice parameters at 39.8 GPa are
a = 24023 A and ¢ = 5.51592 A% and the rhombohedral
angle is 62.87°. This structure is described in detail in
Donohue.”

2.4.11 p-Hg. The B-Hg structure is observed in mercury
above 3.4 GPa at room temperature and below 79 K at
ambient pressure.®® It is body-centred tetragonal, space group
I4lmmm, with a = 3.9954) A and ¢ = 2.825(3) A at
atmospheric pressure and 77K, and the atoms are located on
the 2a sites at (0,0,0).7° There are no reported lattice
parameters for B-Hg at high pressure. This structure is the
same as that of In-I and Ga-IIl (see 2.4.15), but with a
compressed c-axis. This structure is described in detail in
Donohue.?

2.4.12 y-Hg. v-Hg is observed only in mercury above
~12 GPa.”" It is orthorhombic, with a = 2.691 A, b = 4.457 A
and ¢ = 6.454 A at 19.8 GPa.”! There is currently no space
group information available and the structure is unsolved.

2.4.13 Ga-I. The Ga-I structure is unique to the ambient-
pressure phase of Ga. It is orthorhombic, space group Cmica,
with atoms located on the 8/ (0,y,z) site at (0,0.1539(13),
0.0798(11)), and lattice parameters a = 4.5192 A, b = 7.6586 A,
and ¢ = 4.5258 A 2 The structure can be presented as a stacking
of distorted close-packed layers in which each atom has a
single close neighbour, and has thus also been described in
terms of singly bonded Ga, units. The details of the structure
are described fully in Donohue.”

2.4.14 Ga-V. Ga-V occurs at pressures above 10.5 GPa*
and has a rhombohedral structure, space group R3¢ (hexago-
nal setting), with atoms located on the 18e site at (x,0,%4). At
12.2 GPa, x = 0.187(2) and the lattice parameters are a =
8.3272(3) A and ¢ = 4.7222(2) A.* The rhombohedral angle at
12.2 GPa is 110.78°, and the structure is only slightly distorted
from body-centred cubic, where the rhombohedral angle
would be 109.47°. The structure is shown in Fig. 15.
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Fig. 15 Crystal structure of Ga-V as viewed along the c-axis (see
Ref. 49). The numbers on each atom give the z coordinates in units of
0.01. Contact distances up to 3 A are shown as solid lines.

2.4.15 In-I. Ga-III above 2 GPa adopts the In-I structure
found in In at ambient conditions. This is body-centred
tetragonal (bct), space group I4/mmm, with atoms located on
the 24 sites at (0,0,0).% In In-I at ambient pressure, the lattice
parameters are a = 3.2520(6) A and ¢ = 4.9470(11) A, with
cla=1.5212(3).> In Ga-III at 2.8 GPa, the lattice parameters are
a =2.808(3) A and ¢ = 4.458(3) A with ¢/a = 1.588.7% The In-I
structure is only slightly distorted from the fcc structure, and the
two would be equivalent for ¢/a = 2 = 1.414. The relationship
between the two structures is shown in Fig. 16. See also the 3-Hg
structure in 2.4.11. A structure with the same space group
and atomic coordinates is observed in tin above 9.2 GPa where
a=3.70(1) A and ¢ = 3.37(1) A in Sn-III at 9.8 GPa.”® The c/a
ratio 0.911(4) is close to unity, and thus the Sn-III structure can
be regarded as a tetragonal distortion of bcc.

2.4.16 In-II. The In-II structure is observed only in indium
above 45 GPa.”** It is orthorhombic, space group Fnmm, with
4 atoms located in the 4a sites at (0,0,0).74*i The lattice
parameters at 93(5) GPa are a = 3.769(3) A, b = 3.846(3) A and
¢ = 4.140(4) A.7* In-II can be regarded as an orthorhombic
distortion of a {2a x 2a x ¢ supercell of the tetragonal In-I
structure, and thus as an orthorhombic distortion of the fcc
structure. The relationship between In-I and In-II is then as
shown in Fig. 16.

2.3.17 As-I. The structure of As, Sb and Bi at ambient
conditions is trigonal, space group R3m (hexagonal setting),

Fig. 16 Crystal structure of In-I. The body-centred tetragonal unit
cell is outlined in grey, while the alternative face-centred tetragonal cell
is outlined in black. The In-II structure (see Ref. 74a) is an
orthorhombic distortion of this face-centred cell.

Fig. 17 Crystal structure of Bi-II (see Ref. 75). Contact distances up
to 3.8 A are shown as solid lines.

with atoms located on the 6¢ sites at (0,0,z).> In As-I, a =
3.7599(1) A, ¢ = 10.5478(10) A and z = 0.2271, while, in Sb-I,
a=4.3081(8) A, ¢ = 11.2737(6) A and z = 0.2335, and in Bi-I
a=4.5461(2) A, ¢ = 11.8623(4) A and z = 0.2339.% The same
structure is also found in P above 5.5 GPa,’”*®7* where ¢ =
3.398(4) A, ¢ = 8.748(12) A and z = 0.223(3) at 6.7 GPa.”* The
structure can be regarded as a small distortion of the primitive
cubic o-Po structure (see 2.4.23), the two structures becoming
identical if ¢/a = J6 = 2.449 and z = Y. The structure is
described in detail by Donohue.?

2.4.18 Bi-II. The Bi-II structure is observed only in Bi at
high pressure. The structure is C-face-centred monoclinic,
space group C2/m, with atoms located on the 4i sites at
(x,0,2).7° The refined structural parameters at 2.7 GPa are a =
6.6584(2) A, b = 6.0982(2) A, ¢ = 3.2965(1) A, f = 110.37(2)°,
x = 0.2489(3) and z = 0.1372(5).*° The structure is shown in
Fig. 17.

2.4.19 Sulfur. The equilibrium structure of sulfur at ambient
conditions is face-centred orthorhombic, space group Fddd,
with a = 10.4646(1) A, b = 12.8660(1) A and ¢ = 24.4860(3)
A.”® The atoms are located on 4 different 32/ positions at
(x,y,z), and the unit cell contains 128 atoms arranged in
puckered Sg ring-shaped molecules. The atomic coordinates
are given in Ref. 76, and the complex structure is described in
detail by Donohue.?

2.4.20 S-1I1. The S-II structure is observed as an equilibrium
structure in sulfur above 35-38 GPa.””!”® It is tetragonal,
space group [l4,/acd, with atoms located on the 16f site at
(x,x, ). The refined structural parameters in S-II at 55 GPa
are a = 7.841(1) A, ¢ = 3.100(1) A and x = 0.136(1).”” The
structure is shown in Fig. 18 and comprises ‘square’ chains
around 4, and 43 screw symmetry axes running along the
c-axis.

2.4.21 Se-I. The structure of both Se and Te at ambient
conditions is trigonal, space group P3,21 (hexagonal setting),
with atoms located on the 3a sites at (x,0,%).% In Se-1, a =
4.3655(10) A, ¢ = 4.9576(24) A and x = 0.2254(10); in Te-1, a =
4.4561(12) A, ¢ = 5.9271(13) A and x = 0.2633(5).> The
structure comprises helices running along the c-axis and can be
regarded as a distortion of the primitive cubic structure. The
two structures would be identical if ¢/a = \/72 =1.225and x =
3.2 The structure is described in detail by Donohue.
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Fig. 18 Crystal structure of S-II at 55 GPa, showing ‘square’ chains
around 4, and 4; screw symmetry axes running along the ¢ axis (see
Ref. 77). Contact distances up to 2 A are shown as solid lines.

2.4.22 Te-Il. Te,”® Se” and S* at high pressures have a
triclinic structure, one of only two triclinic structures reported
in the elements at high pressures. It was solved through the use
of high-pressure single-crystal methods, with data taken from
the same sample as was used to determine the structure of
Te-I11 (see 2.2 above). The only other known triclinic structure
in the elements is that of Cf.” The Te-II structure has now
been found at high pressure for Se-I1II and is probably also the
structure of S-V.** To aid comparison with the Te-III
structure, Te-II is described in a non-standard body-centred
space group setting, /1. At 4.5 GPa, the lattice parameters for
Te-II are a = 4.0793(1) A, b = 14.1981(3) A, ¢ = 3.0977(1) A,
o« = 87.516(2)°, p = 112.536(2)° and y = 91.098(2)°.”® There
are six atoms in the non-standard unit cell, located on the

Fig. 19 Crystal structure of Te-II as viewed along the triclinic c-axis
(see 2.4.22), with the b-axis inverted from the standard description to
facilitate comparison with Te-111, as explained in the text. Three unit
cells of the modulated structure of Te-IIT at 8.5 GPa, are shown for
comparison. The numbers on each atom give the z coordinates in units
of 0.01. Contact distances up to 3.3 A are shown in both structures as
solid lines. See also Fig. 6. Note: The atomic coordinates shown for the
Te-111 structure differ from previous incorrect drawings in Refs. 20, 37,
42 and 85, and correspond to the corrected drawing in Fig. 6.

2a (0,0,0) and 4i (x,y,z) sites with x = 0.5310(5), y = 0.1684(1)
and z = 0.6198(5).”% For Se-IIl at 25.6 GPa, the lattice
parameters are ¢ = 3.4648(1) A, b = 12.0875(5) A, ¢ =
2.6481(1) A, « = 86.805(5)°, = 112.021(5)° and 7y = 91.344(8)°,
and the atoms are at (0,0,0) and (0.5393(7), 0.1685(2),
0.6372(7)).”® In S-V at 63.7 GPa, the atomic coordinates have
not yet been determined, but the lattice parameters are a =
2.966(8) A, b = 10.666(3) A, ¢ = 2.284(2) A, o = 86.67(2)°, f =
111.89(1)° and 7 = 91.30(1)°.*

The Te-II structure as viewed along the c-axis is shown in
Fig. 19. To facilitate comparison with incommensurate Te-III,
three units of which are shown, the Te-II structure has been
drawn with the b-axis inverted from the standard description
given above. The two structures are clearly closely related. The
III—II transition involves a tripling of the Te-III unit cell
along b, equivalent to the wave vector locking in at the
commensurate value of ¢, = %, with a slight distortion of both
the o« and y cell angles of Te-III away from 90°, and small
displacements of the atoms in the ¢—c plane.

2.4.23 o-Po. The structure of a-Po is primitive cubic, space
group Pm3m, with a = 3.352 A at 283 K and an atom located
on the la site at (0,0,0). The atoms thus lie at the lattice points
of a primitive cubic lattice. This structure is also observed in P
above 10.0(6) GPa,”*>7# in Ca above 32 GPa®® and in As
above 25 GPa.®! The lattice parameters of these three phases
are a = 2.39(1) A in P at 10.3 GPa,”* ¢ = 2.615(2) A in Ca at
39 GPa® and 2.465(4) A in As at 36.6 GPa.®! The structure is
described in detail by Donohue.?

2.4.24 B-Po. S (Ref. 82) and Se (Ref. 83) at high pressures at
room temperature, and Te at high pressures and temperatures
above 315 K,%* adopt the p-Po structure found in Po above
327 K.> This structure is rhombohedral, with space group
R3m (hexagonal setting), and atoms located on the 3a site at
(0,0,0).2 In Po at atmospheric pressure and 348 K, a =
5.089(3) A and ¢ = 4.927(3) A, with ¢/a = 0.968.% This structure
can be regarded as distorted from primitive cubic, and the two
would be identical for c¢/a = 1.225. In Se-IV at 87.9 GPa, the
lattice parameters are a = 3.8920(3) A and ¢ = 2.9572(2) A,
with ¢/a = 0.760.** In Te-IV at 23.0 GPa and 473 K, a =
4.6873(3) A and ¢ = 3.5474(2) A, with c¢/a = 0.757.3* And
in S-V at 160 GPa, a = 3.3780(1) A and ¢ = 2.6919(3) A, with
cla =0.797.*° The c/a ratios of S-V, Se-IV and Te-IV are much
further from the primitive cubic structure than in B-Po itself,
and can instead be regarded as a bcc structure elongated along
the body-diagonal: the structure would be the same as bcc for
c/la =0.61. This form of the f-Po structure, and its relationship
to the bcc structure, are shown in Fig. 20.

3. Individual systems
3.1 Group I (Li, Na, K, Rb, Cs)

The alkali elements behave as nearly-free-electron metals at
ambient pressure, where they all adopt the body-centred cubic
(bee) structure with lattice parameters a = 3.5091(4) A (Li-I),
a = 4.2906(5) A (Na-I), « = 5.321 A (K-I), a = 5.703(7) A
(Rb-I) and @ = 6.141(7) A (Cs-I) at room temperature.®® On
compression, the first transition in each case is to the
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Fig. 20 Crystal structure of B-Po. The distorted bcc structure is
highlighted with solid lines.

fee structure at 6.9 GPa (Li-I1),%¢ 65 GPa (Na-11),*” 11 GPa
(K-11),°* 7 GPa (Rb-I1)>* and 2.37 GPa (Cs-11).*® The lattice
parameters of the fcc phases are a = 3.900(3) A in Li-II at
8.0 GPa,*® ¢ = 3.5348(3) A in Na-II at 85.6 GPa,%" a =
5.130(2) A in K-IT at 11.7 GPa,>® « = 5.224(2) A in Rb-II at
11.9 GPa and a = 5.984(11) A in Cs-1I at 4.1 GPa.®®

Diffraction studies of Li above 20 GPa must be done below
200 K in order to prevent the Li diffusing into the diamond
anvils of the pressure cell and causing their failure.>® Using this
technique, Li was found to transform first to an intermediate
rhombohedral phase (Li-III) at 39 GPa and then to a 16-atom
body-centred cubic structure (Li-IV) at 42 GPa.”® The Li-IV
structure (Section 2.3 and Fig. 9) can be regarded as an end-
member of the family of modulated layer structures observed
in Rb, Cs and Ga at high pressure (Section 2.3). Spectroscopic
studies suggest that there are two further transitions near
55 GPa and 69 GPa,® the structures of which remain
unknown.

Diffraction studies of sodium have recently been extended to
155 GPa and reveal that the fcc structure transforms to Na-II1
with the Li-IV structure (Section 2.3) at 103 GPa, and that
there are two further transitions at still higher pressures.®”-”
These phases have also been observed in recent study of the
melting curve of Na to 130 GPa, which showed that the
melting temperature falls to a minimum of 315 K at 120 GPa
before rising again.”!

Potassium has long been known to have a transition at
23 GPa from the fec K-II phase to the K-III phase which is
stable to at least 51 GPa.??*% Recent angle-dispersive
powder studies show K-III to have a composite host—guest
structure (see 2.1) comprising a 16-atom tetragonal host
structure and a face-centred guest.”® This is the same structure
as that of Rb-IV except that the Rb-IV guest component
is body-centred. The superspace group of K-III is
T4/mem(00g5)000s with lattice parameters ay = 9.767(1) A,
ey = 4.732(1) A, ¢cg = 2.9522) A, ¢35 = cnleg = 1.603(2) at
22.1 GPa, and host and guest atoms at (0.7897(3),
0.0847(3),"s) and (%,0,0), respectively.’* This form of the
structure is stable to 31 GPa, where changes in the diffraction
pattern may suggest a possible rearrangement of the atoms in
the guest chains, but this is not yet known.

The fee phase of Rb, Rb-I1, is stable to ~ 14 GPa’*** where
it transforms to the C-face centred orthorhombic Rb-III
(Section 2.3).' On further compression to 16.6 GPa, Rb-III

transforms to the host-guest composite structure (Section 2.1),
Rb-1V,* the structural parameters of which at 16.8 GPa are
ay = 10.3503(1) A, ey = 5.1865(2) A, ¢ = 3.1797(6) A, ¢5 =
culeg = 1.631(2) with host and guest atoms at (0.7903(1),
0.0851(1), %) and (%2,0,0), respectively.®> At 19.6(2) GPa, Rb-
IV transforms to tetragonal Rb-V,>** which is isostructural
with Cs-IV (see 2.4.1). Further compression leads to a
transition to orthorhombic Rb-VI at 48.5 GPa,’® which is
isostructural with Cs-V (see 2.4.2) There have been no reported
structural studies of Rb above 50 GPa.

An intriguing phenomenon has been found on decreasing
the pressure on the Rb-IV phase below 16.7 GPa. The peaks
arising from the guest-atom chains of the composite structure
broaden significantly, signifying a reduction in the inter-chain
coherence length, or a “melting” of the chains.”® At 16.2 GPa,
just above where Rb-IV transforms back to Rb-III at room
temperature, the interchain coherence length is only ~30 A, or
4 times the interchain distance.”> We have recently made a
detailed study of the diffuse scattering from Rb-IV,?” and have
obtained information on the correlation lengths within the
guest chains, and the speed of sound along them. The form of
the diffuse scattering below 16.7 GPa supports the conclusion
that the chains are becoming increasingly 1-D liquid-like as the
pressure decreases.”’

The fcc phase of Cs, Cs-11, transforms at 4.2 GPa to Cs-III,
which was reported also to be fec.®® The Cs-II — Cs-III
transition was therefore long regarded as one of only two
known isostructural transitions in the elements—the other
being in cerium.> However, new diffraction data appeared
inconsistent with fee,”® and the structure was determined by
our own group, using single-crystal techniques, to be C-face
centred orthorhombic with 84 atoms in the unit cell at 4.3 GPa
(Section 2.3 and Fig. 7a).'® This structure bears no apparent
relationship to fec and is it is not clear how the initial
diffraction data were obtained. They were collected from a
sample in a large-volume device, but when our experiment was
repeated under the same conditions, in a similar device, the
diffraction pattern obtained was again that of the 84-atom
structure.'® Cs-I1I is stable over only a very narrow pressure
range and transforms at 4.4 GPa to Cs-IV, which is tetragonal
and isostructural with Rb-V (see 2.4.1 and Fig. 10).%?
Diffraction studies on Cs have now been extended to
184 GPa.”” Cs-IV transforms at 10 GPa to orthorhombic
Cs-V (see 2.4.2 and Fig. 11)—isostructural with Rb-VI and
Si-VI**—which in turn transforms to Cs-VI at 72 GPa.'®
Cs-VI is double-hexagonal-close-packed (dhcp),”'° with a =
3.011(7) A and ¢ = 9.710(32) A at 92 GPa, with an axial ratio
(c2a = 1.612(9)) close to that for the ideal close-packing of
spheres (1.633). The dhcp phase is stable up to 184 GPa, the
highest pressure to which Cs has been studied.”

3.2 Group 2 (Be, Mg, Ca, Sr, Ba)

Both Be and Mg adopt the /cp structure at ambient condi-
tions, with lattice parameters a = 2.2857(4) A, ¢ = 3.5839(9) A
and c/a = 1.5680(4), and a = 3.2093(3) A, ¢ = 5.2107(5) A and
cla = 1.6236(2) respectively.” Be maintains this structure up to
171 GPa, the highest pressure at which any of the group 2
metals has been studied,'®! and where the c¢/a ratio is increased
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to 1.609."°" The hep phase of Mg transforms to hcc at
~50 GPa, with ¢ = 2.953(2) A at 58 GPa.'”> No further
transitions are known in Mg up to 70 GPa.'®

Ca-I has the fcc structure at ambient pressure, with a =
5.588(10) A% and transforms to the Ca-1I bcc structure at
19.5 GPa.® The lattice parameter of the bee phase at 26.5 GPa
is a = 3.559(2) A.%° Further compression leads to a transition
at 32 GPa to Ca-III which has a primitive cubic structure with
a=2.615(2) A at 39 GPa.®® This rarely-observed structure (see
2.4.23) is stable over a remarkably wide pressure range, and
eventually undergoes a transition to a new phase, Ca-IV, at
113 GPa.'® Ca-IV has an apparently complex structure which
has not yet been solved. At 139 GPa, the appearance of a new
Bragg peak may suggest a further phase transition at that
pressure.'*

Sr-I also has the fcc structure at ambient pressure, with @ =
6.086(2) A,? and transforms to the hcc Sr-II structure at
3.5 GPa, 1% with ¢ = 4.434(20) A at 4.2 GPa,'® and then to
the Sr-III phase at ~26 GPa.®® Sr-1I1 was originally proposed
to be orthorhombic'®® but our full 2-D powder-diffraction
data revealed that two different phases form at the Sr-II to
Sr-1I1 transition—the equilibrium Sr-IIT phase, with powder
lines similar in appearance to those of Sr-II, and another
phase, labelled S, giving very smooth powder lines.>® Sr-III
was shown to have the tetragonal B-tin structure (see 2.4.3)®
with a = 5.504(1) A and ¢ = 2.960(1) A at 34.8 GPa. On further
compression, Sr-I1I transforms at 35 GPa to Sr-IV which has a
body-centred monoclinic structure that is a helical distortion
of the Sr-IIT B-tin structure and is unique to Sr-IV (see 2.4.4.
and Fig. 12).%° Sr-IV is stable from 37.7(2) GPa to 46.3(3)
GPa, where it transforms to the incommensurate composite
Sr-V phase® with superspace group I4/mem(00g3)0000
(see 2.1). The lattice parameters at 56 GPa are ay =
6.958(2) A, e = 3.9592) A, ¢ = 2.820(1) A and ¢; =
1.404(1), with the host and guest atoms at (x = 0.1460(2),
x + %,0) and (0,0,0), respectively.’' Additional weak peaks are
observed above 71(1) GPa, accompanied by a reduction in the
intensity of the guest phase peaks, suggesting a transition in
the guest phase structure at this pressure.®’ The structure of
this new form is unknown. The smooth minority S phase that
appears at the Sr-II to Sr-III transition persists unchanged
through the transitions to 57 GPa.®® This and the behaviour of
some weak peaks in a narrow pressure range at the transition
from Sr-III to Sr-IV remain to be explained.*®*°

At ambient pressure Ba-I has the bcc structure with a =
5.023(2) A,* and this transforms to the hcp Ba-II structure at
5.5 GPa, with ¢ = 3.8513(2) A and ¢ = 5.9729(4) A, and ¢/a =
1.5509(1) at 6.9 GPa.'"” The ¢/a ratio of the hcp phase is far
from the ideal value of 1.633, and approaches 1.500 at the
transition to Ba-IV at 12.6 GPa.**!°7 Ba-IV was the first high-
pressure elemental phase found to have a host-guest composite
structure (see 2.1 and Fig. 2), and it exhibits a number of
different composite forms between 12 and 45 GPa.*® Between
12.0 and 12.6 GPa, in Ba-IVa, diffraction profiles comprise
reflections from two coexisting composite structures with
superspace groups 14/mcm(00¢g3)0000 and 12/¢(q,0¢g3)00. As
discussed in Section 2.1, the guest component has a structure
that is tetragonal in the former case and monoclinic in the
latter. Repeated cycling through the transition from the /cp

Ba-II phase tends to increase the proportion of the monoclinic
form at the expense of the tetragonal one. This and the sharper
diffraction peaks of the monoclinic form suggest it is the
equilibrium state.>® On pressure increase above 12.6 GPa,
changes in the diffraction peaks arising from the monoclinic
guest structure show that it has transformed to an orthor-
hombic form, Ba-IVb. The structure of this form has yet to be
fully determined, but it is clearly another rearrangement of the
c-axis guest chains. (The fact that the tetragonal guest is
unchanged at this transition supports the conclusion that it is a
non-equilibrium form.) On further compression, the c¢/a ratio
of the host unit cell decreases, and at 17.5 GPa has the
commensurate value of 1.333 (4/3) at the transition to a
different form, Ba-IVd. There is also evidence of an
intermediate phase (Ba-IVc) between 16.5 and 17.5 GPa. The
next reported transition is to Ba-V at 45 GPa,'" the structure
of which is sep with a = 3.1035(6) A and ¢ = 4.8778(21) A at
53 GPa.'” Although Ba-II and Ba-V both have the hcp
structure, the c/a ratios of the two structures are quite
different: c/a = 1.5717(7) in Ba-V at 53 GPa while in Ba-II
at 11.4 GPa, c¢/a = 1.4984(4)."%7 The c¢/a ratio of Ba-V is also
almost pressure independent, while that of Ba-II decreases
strongly on compression. These differences suggests that the
two hcp phases have different bonding characteristics and are
different crystallographic phases.'”” However, preliminary
studies of the Ba P-T phase diagram,'®® suggest that the
stability ranges of Ba-II and Ba-IV may join at high
temperatures.

3.3 Group 3 (Sc, Y, La)

Sc, Y and La are the first elements to have a 3d, 4d and 5d
electron, respectively, and they are conventionally grouped
together with the lanthanide elements due to the similarities in
their outer electron configurations and in many of their
physical and chemical properties. Y and La have structures
and transitions like those of other lanthanide elements and, for
this reason, we omit the details here as discussed in Section 1.

Sc has the hcp structure at ambient conditions with ¢ =
3.3088(2) A and ¢ = 5.2675(6) A and has long been known not
to follow the structural sequence of Y, La and the other
lanthanide elements. On compression, the /cp phase trans-
forms at 20 GPa to Sc-I1'**!1? the structure of which was not
completely determined'®''® but was clearly not like any
observed in the other lanthanide elements. Recently, using
angle-dispersive techniques, structural studies have been
extended to 297 GPa.®’ These showed Sc-II to have an
incommensurate composite structure that was reported to be
isostructural with Bi-III (see 2.1).""" But more recently we have
shown that the guest structure is C-centred rather than body-
centred, and is thus isostructural with Sr-V.3® Sc-II then has
superspace group I4/mcm(00¢3)0000, and the best-fitting
parameters at 23 GPa are ay = 7.5672(1) A, g =
3.4398(1) A, ¢ = 2.6865(1) A, and ¢5 = cpleg = 1.2804(3),
with the host and guest atoms at (x = 0.1490(2),x + '2,0) and
(0,0,0), respectively.*® Sc-1I transforms to Sc-III at 104 GPa, to
Sc-IV at 140 GPa and to Sc-V at 240 GPa.®' The Sc-IV to Sc-V
phase transition is one of only two yet known in the elements
at pressures above 200 GPa, the other being in P at 262 GPa.'!?
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The structures of Sc-III and Sc-1V are currently unknown, but
Sc-V has a hexagonal structure comprising helical chains that
is unique to this phase, and which can be regarded as a
distortion of the fcc structure (see 2.4.5 and Fig. 13).%!

3.4 Group 4 (Ti, Zr, Hf)

All three of the group 4 elements have the /hcp structure at
ambient conditions, with ¢ = 2.9503(7) A and ¢ = 4.6836(9) A
in Ti, « = 3.2317(5) A and ¢ = 5.1476(1) A in Zr, and a =
3.1940 A and ¢ = 5.0511 A in Hf? On compression, all
transform to the hexagonal ®-phase—at 7-9 GPa in Ti,*>°° at
6.7 GPa in Zr,% and over the pressure range 45.8-58.3 GPa in
Hf.** The w-phase can be regarded as a hexagonal distortion of
bee (see 2.4.6).2 On further compression, both Zr and Hf
transform to the bce structure at ~32 GPa in Zr®*!''* and over
the pressure range 71.5-78.4 GPa in Hf.** The lattice
parameters of the bcc phases have not been reported.

The bce phase of Hf is stable to at least 252 GPa, the highest
pressure at which it has been studied,** while the bce phase of
Zr has a volume anomaly at ~56 GPa which may mark an
isostructural phase transition to another bec phase®® which is
stable to at least 68 GPa. If this isostructural transition is
confirmed, it will join the fcc to fee transition in Ce in being
one of only two such transitions in the elements.’

The high-pressure behaviour of Ti is more complex than
that of the heavier members of the group.t>¢-!15116 o, Tj js
stable to 116(4) GPa, where it transforms to vy-Ti® which has a
C-face-centred orthorhombic structure (see 2.4.7 and Fig. 14a),
space group Cmcm, that can be regarded as a distortion of the
bee structure.*>''® On further compression y-Ti transforms to
5-Ti at 140 GPa,’*'"> which also has a C-face-centred
orthorhombic structure and space group Cmcm like y-Ti, but
which can be regarded as a distortion of the /cp rather than
bee structure (see 2.4.8 and Fig. 14b).!'> §-Ti is stable to at
least 220 GPa.®®!'> Most recently, it has been reported'!'® that
a bce phase, which was not observed in Refs 65, 66 and 115,
coexists with the m-phase over the pressure range 40-80 GPa,
with the lattice parameter of the hce phase being 2.809(1) A at
81 GPa.''

3.5 Group 5 (V, Nb, Ta)

All three of the group 5 elements have the bcc structure at
ambient conditions with « = 3.0238(4) A for V, 3.3007(3) A for
Nb, and 3.3031(6) A for Ta.? No structural transitions are
observed up to at least 154 GPa in V and Nb''” and up to
174 GPa in Ta.'"®

3.6 Group 6 (Cr, Mo, W)

All three of the group 6 elements have the bcc structure at
ambient conditions with a = 2.8847(5) A for Cr, 3.1470(3) A
for Mo, and 3.1651(3) A for W.? No structural transitions are
observed up to at least 10 GPa in Cr,""? 272 GPa in Mo'?° and
up to 364 GPa in W.1?!

3.7 Group 7 (Mn, Tc, Re)

At ambient conditions, Mn has the complex cubic o-Mn
structure (see 2.4.9) which is unique to this element.? Perhaps

surprisingly in light of the complex nature of this structure, it is
stable to 165 GPa, where the appearance of a single additional
diffraction peak suggests a transition to a new phase, the
structure of which is unknown.!?* Tc has the hcp structure at
ambient pressure with a = 2.738(3) A and ¢ = 4.394(5) A.'* 1t
is an unstable element and does not exist in nature. No
transitions are known to 10 GPa'*® and there have been no
high-pressure diffraction studies reported. Re has the hcp
structure at ambient pressure with ¢ = 2.7608(6) A and ¢ =
4.4580(5) A.> No phase transitions are observed up to at least
251 GPa.'**!1%

3.8 Group 8 (Fe, Ru, Os)

At ambient conditions, Fe has the bcc structure with a =
2.8664(2) A, and this is stable to 13 GPa where it transforms
to the hcp structure'*®'?” with @ = 2.453 A and ¢ = 3.932 A at
18.3 GPa.'?® The hep phase is stable to at least 304 GPa.'”
Because of its geophysical importance, the structures and
melting curve of Fe have been studied extensively at high
pressures and high temperatures. The interested reader is
directed to both Tonkov and Ponyatovsky’s recent detailed
review of the elements® and to a recent review on in situ
studies of Fe.'*°

Both Ru and Os have the hcp structure at ambient
conditions, with a = 2.7053(8) A and ¢ = 4.2814(5) A for
Ru, and a = 2.7348(9) A and ¢ = 4.3193(6) A for Os.? No phase
transitions are observed up to at least 56 GPa in Ru'*' and up
to 75 GPa in Os,*'!'3 although an anomaly in the
compressibility of Os at ~25 GPa may suggest a change in
the topology of the Fermi surface at that pressure'*>—but see
also the discussion of Zn in Section 3.12.

3.9 Group 9 (Co, Rh, Ir)

At ambient conditions, Co has the /cp structure with a =
2.5070(3) A and ¢ = 4.0698(9) A.2 On compression, there is a
transition to an fcc phase over the extended pressure range of
105-150 GPa, and this phase is stable to at least 202 GPa,
where a = 3.093(2) A.'** Rh has the fee structure at ambient
conditions with a = 3.8032(2) A.? and no phase transitions are
known up to ~50 GPa.'**

Ir has the fcc structure at ambient conditions, with a =
3.8391(3) A.? On compression there is a transition at 59 GPa to
a l4-layer superstructure of the Acp structure with a = 2.60 A
and ¢ = 29.68 A at 65 GPa.'* Neither the space group nor the
atomic coordinates of this phase, which is unique to Ir, are yet
known.

3.10 Group 10 (Ni, Pd, Pt)

Ni, Pd and Pt have the fcc structure at ambient conditions,
with a = 3.5241(7) A, 3.8900(7) A and 3.9233(7) A, respec-
tively, and Pt has the fce structure with a = 3.9233(7) A. No
phase transitions are observed up to at least 65 GPa in Ni,?
77.4 GPa in Pd"* and 304 GPa in Pt.'*

3.11 Group 11 (Cu, Ag, Au)

All three of the group 11 elements have the fcc structure at
ambient conditions with ¢ = 3.6148(3) A in Cu, 4.0857(2) A in
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Ag, and 4.0782(2) A in Au.? No structural transitions are
observed up to at least 188 GPa in Cu,"*” 91.8 GPa in Ag'*®
and 182 GPa in Au.'?’

3.12 Group 12 (Zn, Cd, Hg)

Both Zn and Cd have the /Acp structure at ambient conditions,
with @ = 2.6644(3) A and ¢ = 4.9454(3) A for Zn, and a =
2.9788(4) A and ¢ = 5.6164(6) A for Cd.> The c/a ratios have
very non-ideal values of 1.8561(2) and 1.8855(3), respectively.
Although no structural transitions are observed up to at least
126 GPa in Zn and 174 GPa in Cd,"® early diffraction studies
reported anomalies in the pressure dependence of the ¢/a ratio
at ~7 GPa and ~10 GPa, respectively, when the c/a ratio
passed through the value of {3 (1.732).133 7140 It was suggested
that these arose from a change in the topology of the
Fermi surface.'*' However, not all studies observed such
anomalies,'** and most recently they have been shown to
result, at least in Zn, from the effects of a non-hydrostatic
medium, 43144

Mercury is a liquid at ambient conditions but crystallises
into the rhombohedral o-Hg structure on compression to
1.2 GPa (see 2.4.10).!* On further compression, a-Hg trans-
forms to the body-centred tetragonal B-Hg form at 3.4 GPa
(see 2.4.11),'* which in turn transforms to y-Hg at 12(2) GPa
(see 2.4.12) and then to 8-Hg at ~40 GPa.'*® The 8-Hg phase
is stable to at least 67 GPa.'*? The structure of y-Hg is
orthorhombic, but the space group is unknown, while 6-Hg
has the hcp structure.'#®

3.13 Group 13 (Al, Ga, In, T)

Al has the fcc structure at ambient conditions with a =
4.0495(1) A and initial compression studies showed this
phase to be stable to 220 GPa.'*” However, very recently,
studies to 333 GPa have reported a transition to an hcp
structure at 217(10) GPa, with a = 2.2253(9) A and ¢ =
3.607(3) A at 292 GPa.!*®

Ga exhibits unusual complexity in its crystal structures,
phase transitions, and phase diagram.” The ambient-pressure
phase, Ga-I, has a unique orthorhombic structure that can be
described as made up of Ga, dimers (see 2.4.13). On
compression at room temperature, this phase melts at
0.5 GPa and then, on further compression, crystallizes at
2 GPa into metastable Ga-IIL'*>'*" which has the body-
centred tetragonal In-I structure (see 2.4.15 and Fig. 16)>"7
with lattice parameters @ = 2.813(3) A and ¢ = 4.452(5) A at
2.8 GPa.’! The stable phase under these conditions, Ga-II, is
obtained if Ga-lI is compressed through the solid—solid
transition below the minimum in the melting temperature at
273 K150 or if metastable Ga-III is supercooled down to
200 K at pressures around 3 GPa.>' Ga-II was long believed to
have a body-centered cubic structure, space group 1434,>" but
subsequent powder diffraction studies were unable to confirm
this.'"”! Using single-crystal techniques, we have recently
shown Ga-II to have a C-face-centred orthorhombic structure
with 104 atoms per unit cell, that is a modulated layer structure
like that observed in Cs-III and Rb-III (see 2.3 and Fig. 8).%
The previous interpretation in terms of a cubic structure with a
much smaller unit cell can be understood on the basis of strong

modulation of reflection intensities giving a cubic-like arrange-
ment of clusters of reflections that were probably not resolved
as such.*” On further slow pressure increase of Ga-II we have
observed a previously unreported phase transition at
10.5(5) GPa into rhombohedral Ga-V (see 2.4.14 and
Fig. 15), which on further compression transforms to the
equilibrium Ga-III phase at 14.0(5) GPa.** The c/a ratio of
Ga-II1, which is 1.583(2) at 2.8 GPa"’? and 1.5793(9) at
4.0(1) GPa,*” approaches a value of 2 (1.414) on further
compression, and there is a continuous transition to the fcc
Ga-IV structure near 70 GPa.'’! Further studies have
confirmed this transition to the fcc structure, but have revised
the transition pressure significantly to 120(10) GPa.'**> Ga-IV
is stable to at least 150 GPa.'>

In-I has a body-centred tetragonal structure at ambient
conditions and is isostructural with Ga-III (see 2.4.15 and
Fig. 16). The structure has a ¢/a ratio of 1.5212(3), and is thus
only slightly distorted from fec (cla = V“‘“‘Z), and this distortion
increases with pressure, with ¢/a reaching a maximum value of
1.543 at 24 GPa before decreasing with further compres-
sion.!>313* In-T starts to transforms to In-II at 45 GPa,’#*!3
although In-I and In-II cannot be differentiated between 49
and 56 GPa.”* In-II has an orthorhombic structure (see 2.4.16)
and is stable to at least 93 GPa.’™*

Tl has an hcp structure at ambient conditions with a
3.4563(5) A and ¢ = 5.526(4) A, and on compression i
transforms to the fee TI-II phase near 3.7 GPa'° with a
4778 A at 6 GPa.'*® This is stable to at least 68 GPa.'”!

—

3.14 Group 14 (Sn, Pb)

At ambient pressure, Sn has the cubic diamond «-Sn structure
below 291 K with ¢ = 6.4892 A, and the tetragonal B-Sn
structure (see 2.4.3) with a = 5.8316(2) A and ¢ = 3.1815(2) A
above that temperature.” On compression, a transition to
the body-centred tetragonal Sn-III phase with two atoms
per unit cell is observed at 9.2 GPa.”® This structure has a =
3.70(1) A and ¢ = 3.37(1) A at 9.8 GPa, and the c/a ratio
of 0.911(4) is only slightly distorted from bcc (see 2.4.15).
On further compression, the ¢/a ratio approaches unity,'
and there is a sluggish transition to the bcc structure at
40-50 GPa,'>*'5® which is stable up to at least 120 GPa.'>®
The lattice parameter of the bcc phase at 112 GPa is a =
3.110 A."®

Pb has the fcc structure at ambient conditions with a =
4.9502(5) A,”> and on compression transforms to the /cp
structure at 13(1) GPa'>® with a = 3.265(4) A and ¢ =
5.387(7) A at 13.9 GPa.'® This is stable to 111 GPa, where the
hep phase transforms to a bee phase which is stable to at least
208 GPa.'® The lattice parameter of the hce phase at 164 GPa
is a = 3.124(10) A.'°°

3.15 Group 15 (As, Sb, Bi)

Although group 15 elements, especially Bi, have long attracted
the attention of those studying the high-pressure behaviour of
the elements, it is only in the last 5-6 years that their true
behaviour at high pressure has been clarified. The high-
pressure behaviour of these elements has recently been
reviewed in detail.*°
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At ambient conditions, As-I, Sb-I and Bi-I all adopt the
trigonal As-I structure (see 2.4.17). On pressure increase, Bi-I
transforms at 2.55 GPa to C-face-centred monoclinic Bi-I1, the
structure of which is unique to Bi-II (see 2.4.18 and Fig. 17).”
At 2.7 GPa, Bi-II transforms to Bi-III. The Bi-III structure has
been the subject of uncertainty since the 1930’s, although
numerous solutions have been proposed, as reviewed in Ref 40.
Much of this uncertainty was caused by the tendency for Bi to
recrystallise on passing through the Bi-II—Bi-III transition,
leading to highly textured samples of Bi-IIl. However, by
utilising this recrystallisation to obtain a quasi-single crystal of
Bi-III, and also making high-quality powdered samples by
passing through the Bi-II—Bi-III transition at low tempera-
tures (200 K), we were able to show that Bi-III has
an incommensurate composite structure, superspace group
I'4/mem(00g5)0000 (see 2.1).1°% The lattice parameters at
6.8 GPa are ay; = 8.5182(2) A, ¢y = 4.1642(2) A and ¢g =
3.1800(3), and ¢3 = cyleg = 1.309(1), with host and guest
atoms at (x = 0.1536(3),x + %.,0) and (0,0,0), respectively.'®!
Bi-1III was the first composite structure found in the elements
outwith the group 1 and 2 elements. As well as accounting for
the complex diffraction pattern of Bi-III, the non-integer
number of atoms in the composite unit cell also resolved the
longstanding problem of its calculated density, which now
agrees extremely well with the measurement of Bridgman (see
2.1). Bi-III is stable to 7.7 GPa where it transforms to the bcc
structure of Bi-V, which is stable to at least 222 GPa.'%> The
lattice parameter of the hcc phase at 9.7 GPa is 3.781(1) A.'¢!

Sb-I has long been reported to transform to Sb-II at
~8.6 GPa (but see Sb-IV below), diffraction patterns from
which were known to be similar to those of Bi-II1.*> And Sb-1I
has been shown to have the same incommensurate composite
structure as Bi-III, with the same I'4/mcm(00¢5)0000 super-
space group. It has ay = 8.0751(7) A, ¢y = 3.9120(5) A, ¢g =
2.9856(8) A, and ¢5 = cyleg = 1.310(1) at 10.3 GPa.3"1®* The
refined atomic coordinates of the host and guest atoms at the
same pressure are (x = 0.1558(4), x + '2,0) and (0,0,0),
respectively. On pressure increase, Sb-II is stable to 28 GPa
where it transforms to Sb-IIT which has the bec structure.'®*
This is stable to at least 43 GPa.'®*

We have recently identified a new phase of antimony, Sb-1V,
existing between Sb-I and Sb-I1.>> This phase is observed from
8.2 and 9.0 GPa on pressure increase and between § and
6.9 GPa on pressure decrease.’® Sb-IV has a monoclinic
composite structure, superspace group 12/c¢(¢,0¢3)00, with ay =
8.17102) A, by = 8.1616(2) A, ¢y = 3.9504(1) A, By =
89.456(1)°, ag = 8.1815(2) A, bg = by, cg = 3.0083(1) A,
P =92.959(1)°, ¢1 = 0.1662(1) and ¢; = 1.3132(1) at 6.9 GPa
(see Section 2.1).° The atomic coordinates of the host and
guest atoms at the same pressure are (0.1611(4), 0.6569(3),
0.004(1)) and (0,0,0), respectively. The monoclinic symmetry
allows the guest atoms to form zig-zag chains, and Sb-1V is
thus the first host-guest phase observed to have non-linear
guest atom chains.®

As described in 2.4.17, the ambient-pressure phases of As,
Sb and Bi can all be regarded as distortions of the primitive
cubic structure. While this distortion decreases in Sb-I and Bi-I
on compression, transitions to Sb-I1 and Bi-II occur before the
primitive cubic phase is found. However, a primitive cubic

phase of As, As-I1, is found on compression to 25(1) GPa 165166

This joins o-Po and Ca-III as the known examples of a
simple cubic phase in the elements (see 2.4.23). The lattice
parameter of the primitive cubic structure at 25 GPa is
2.550(4) A1 As-IT is stable until ~46 GPa where it transforms
to As-II1.'*7 which has a monoclinic incommensurate composite
structure with superspace group I2/¢(q,0¢3)00, and is thus
isostructural with Sb-IV rather than Sb-II and Bi-IIT (see 2.1).!%°
The structural parameters at 50 GPa are ay = 6.7673(2) A,
by = 6.7464(2) A, ¢y = 3.2491(1) A, By = 89.654(2)°, ag =
6.7719(2) A, bg = by, ¢ = 2.4903(1) A and fg = 92.099(2)°.%
The modulation vector at the same pressure has ¢; = 0.1162(3)
and g3 = 1.3047(1), and the host and guest atoms are at
(0.1612(5), 0.6521(5), —0.004(2)) and (0,0,0), respectively.?’
As-1IT is stable to ~110 GPa where it transforms to As-IV
which has the bce structure.'®” This phase is stable to at least
122 GPa where the lattice parameter is a = 2.806 A.'®’

3.16 Group 16 (S, Se, Te, Po)

Recent diffraction studies of S, Se and Te have rewritten most
of what was previously known about these elements at high-
pressure. Although not a metal at ambient conditions, sulfur
becomes metallic above 95 GPa,'® and we have therefore
included it for completeness.

At ambient conditions, Se and Te both have the trigonal
Se-I structure (see 2.4.21).% Te has attracted the most attention
of the group 16 elements at high pressure, probably because it
has the lowest transition pressures. Despite numerous
studies,?> however, it is only recently that the structures of
its high-pressure phases have been determined defini-
tively.?%788% Trigonal Te-I transforms to Te-II at 4 GPa (see
2422 and Fig. 19). This was initially reported to be
monoclinic,'®® but our recent studies have revealed a wealth
of additional weak reflections that show the structure to be
triclinic, one of the very few examples of this symmetry in the
elements (see 2.4.22).® We adopted a non-standard body-
centered triclinic setting, space group I1, to aid comparison
with the Te-III structure. The transition from Te-II to Te-III
starts at 4.5(2) GPa, but the two phases coexist over a wide
pressure range.”>?° Te-IIl is incommensurate, superspace
group I'2/m(0¢,0)s0, where (0g,0) is the wavevector of the
incommensurate modulation, and was only the third incom-
mensurate modulated phase found in the elements after
uranium (see 2.2 and Fig. 4) and iodine.** The identification
of the structure as incommensurate became possible after a
quasi-single crystal of Te-III was obtained at 7.4 GPa and
clearly revealed the presence of satellite peaks around the main
reflections (see 2.2 and Fig. 5 and 6). On compression the Te-
IIT structure approaches that of the rhombohedral B-Po
structure (see Fig. 20 and 2.4.24), but at 29.2(7) GPa it
transforms directly to bec Te-V?° which is stable to at least
37 GPa.'” The lattice parameter of Te-V at 35.9 GPa is
3.4414(5) A.2° The previously reported Te-IV phase with the
B-Po structure is not observed at room temperature, although
we have recently observed this phase between the Te-III and
Te-V phases at temperatures above 315 K.

At ambient conditions, Se-I has the same trigonal structure
as Te-I (see 2.4.21). At 14 GPa, Se-I transforms to Se-II which
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is reported to have a C-face-centred monoclinic structure.'”!

However, our own recent studies of Se-1I, while unable to
determine its structure, were able to show that the monoclinic
structure is incorrect. Se-II is stable to 22 GPa where it
transforms to Se-III, which in turn transforms to Se-IV at
29 GPa.*? Se-III and Se-1V are isostructural with Te-II and
Te-I11, respectively.**’® The incommensurate wavevector of
Se-IV (0450), is significantly pressure dependent, with ¢,
changing from 0.314(1) at 28.9 GPa to 0.277(1) at 56 GPa.*?
Se-IV is stable to approximately 80 GPa,®® where it transforms
to Se-V with the rhombohedral B-Po structure (see 2.4.24).
This is stable to 140(3) GPa, where it transforms to Se-VI with
the bee structure.8*3° The lattice parameter of the bcc phase at
140 GPa is a = 2.823(1) A.%3

Sulfur exists in a large number of complex allotropic forms
at ambient conditions, and numerous high-pressure forms
have also been reported.>?> The stable crystal structure at
ambient conditions (see 2.4.19) comprises covalently-bonded
Sg rings arranged in an orthorhombic structure, space group
Fddd.? On compression at room temperature, this orthorhom-
bic form was reported to undergo a gradual transition to an
amorphous form at 26 GPa,!”” which then began to
recrystallise at 37 GPa.!”>'7® The structure of this recry-
stallized form, named S-II, has recently been shown to have a
body-centered tetragonal structure, space group [4/acd,
comprising parallel chains of atoms with 4; and 4; screw-axis
symmetry running along the c-axis (see 2.4.20 and
Fig. 18).17#17° The lattice parameters of S-II at 55 GPa are
a = 7.841(1) A and ¢ = 3.100(1) A.'* A further phase
transition, to S-III, occurs on compression to 83-86 GPa,'”®
and S-IIT is both metallic and superconducting. We have
recently shown S-III to be incommensurately modulated, and
isostructural with Te-III and Se-IV (see 2.2).**%° Sulfur was
the first element observed to have an incommensurate
structure above 100 GPa. On further pressure increase, the
modulated phase transforms to the rhombohedral B-Po
structure (see Fig. 20 and 2.4.24) at 150-160 GPa,'” and this
phase is stable to at least 212 GPa.'”® On pressure decrease at
90 GPa, a triclinic phase, S-V, is observed, which is
isostructural with triclinic Se-IV and Te-I1.4}

Polonium has a primitive cubic structure at ambient
conditions (see 2.4.23) with ¢ = 3.352 A at 283 K.> There
have been no reported high-pressure studies of Po, and
nothing is known about its high-pressure behaviour.

4. Discussion and conclusions

A comparison of the monographs by Young in 1991,'> and
Tonkov and Ponyatovsky in 2005%* reveals the remarkable
progress that has been made in determining the high-pressure
structural behaviour of the elements over the last 15 years.
Much, if not all, of this progress can be attributed to the
development of angle-dispersive powder diffraction techniques
in the early 1990’s, the opening of third-generation synchro-
tron sources in the mid 1990’s, and the development of single-
crystal techniques using CCD 2-D detectors at the end of that
decade. The ability to obtain high-resolution powder-diffrac-
tion profiles free of contamination from fluorescence peaks,
and with full-pattern integration giving peak intensities

accurate enough to make full Rietveld refinement possible,
opened the way to determining the structures of low-symmetry
structures at high pressure for the first time, and for refining
their structural parameters. The advent of third-generation
synchrotron sources, with their extremely intense beams of
high-energy X-rays, enabled detailed structural studies of
complex phases to be obtained from weakly scattering
elements, and their study to be extended to pressures above
200 GPa. And the recent development of single-crystal
methods has made possible the identification and determina-
tion of high-pressure incommensurate structures for the first
time, the solution of which would have defeated standard
powder methods.

The key feature of these studies of the metallic elements is
the complexity of the new structures that have been observed.
Of the 18 different crystal structures discovered in the elements
since 1990, as described in Sections 2 and 3, only two—S-II
and Sc-V (see 2.4.5 and 2.4.20)—are commensurate and have a
symmetry that is tetragonal or higher. The others are all
incommensurate (7), orthorhombic (6), rhombohedral (1),
monoclinic (1) or triclinic (1). And, in all but incommensurate
Te-1I1, the structures have at least one variable atomic
coordinate. Thus, while the majority of the metallic elements
have high-symmetry structures at ambient conditions (Section
3), pressure induces transitions to a variety of low-symmetry
structures, and a diversity of behaviour that is considerably
greater than that observed at ambient pressure.

The most notable difference between the ambient and high-
pressure structures of the elements is the widespread existence
of incommensurate structures at high pressures. As said in
Section 2, prior to 1999 the only element reported to have an
incommensurately modulated structure was the low-tempera-
ture charge-density-wave state of uranium. Since then, the
discovery of incommensurate composite structures in the
group 1, 2, 3 and 15 elements and phase transitions between
such structures, and the discovery of strongly modulated
incommensurate structures in the group 16 and 17 elements,
have shown that such structures are not only widely observed,
but that they are stable over wide ranges of pressure and
temperature. For example, Se-IV is stable over a pressure
range of 40 GPa, S-III over a pressure range of ~70 GPa, and
Ba-1V is stable over 33 GPa and to at least 700 K. Thirteen
elements, as shown in Fig. 21, are now known to be
incommensurate at high pressures, and in three more—Na,
Ca and P*M19%17817 it has been suggested that incommen-
surate structures may exist. Indeed, in view of the recent
discovery of a composite structure in a transition metal (Sc)—
and the number of incommensurate phases already observed in
the elements in the same columns as Na, Ca and P (Fig. 21)—it
would perhaps be surprising if further examples of such
structures were not found in these and other elements in the
future.

The reasons why such structures should exist at high
pressures is still unclear, as the very thing that makes them
so interesting, their incommensurate nature, also prevents
exact electronic structure calculations of their properties. Such
calculations can, however, use commensurate analogues of the
incommensurate structures as approximations, and these have
provided some insight into the composite structures, and have
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Rb | Sr | Y |Zr |[Nb|Mo | Tc [Ru| Rh [ Pd |Ag |Cd | In | Sn

Cs |Ba|La|Hf | Ta| W | Re |Os | Ir | Pt | Au|Hg| Tl | Pb

Fr | Ra | Ac

Lanthanides Ce|Pr | Nd|Pm|Sm| Eu | Gd | Tb |Dy|Ho| Er [Tm | Yb | Lu
Actinides Th|Pa| U |[Np|Pu|Am|Cm | Bk | Cf | Es [Fm|[Md[No | Lr

Fig. 21 The periodic table, showing elements so far found to have incommensurate and modulated high-pressure phases. Those shaded in light
grey have modulated layer structures (Section 2.3) but are not known to have incommensurate phases (Rb has both). Those shaded in medium grey
have incommensurate composite structures (Section 2.1). Those shaded in dark grey have incommensurate modulated structures (Section 2.2).
There may also be incommensurate structures in those shown in italics—Na, Ca, and P. Groups are numbered at the top of each column.

started to reproduce the reported transition sequence quite
well.'8182 The first calculations of Ba-IV (using a commen-
surate analogue) suggested that the host and guest atoms had
different electronic structures, '*® with the host and guest atoms
being more s and d like, respectively. Such differences were not
found in calculations of the composite structures in the group
15 elements, which rather suggested that the stability of the
composite structures arises from the delicate interplay of band
energy, which would favour open-packed structures, and
electrostatic energy, which would favour high-symmetry
close-packed structures.'®!

Recent calculations have also given insight into the
modulated phase of sulfur. Calculations of the Fermi surface
at 100 GPa show that it exhibits parallel zones, indicating
Fermi surface nesting, characterised by a wavevector that is
very similar to that observed experimentally.'®* And calcula-
tions of phonon dispersion at the same pressure show a
softening at the same wavevector as the nesting vector. These
results indicate that the incommensurate phase in metallic
sulfur at megabar pressures—and probably, therefore, in Se-1V
and Te-II too—is due to a charge-density wave.

The extreme complexity of some of the non-incommensurate
structures has also attracted attention from theorists, in
particular the structures of Cs-III, Rb-IIT and Ga-II, with
84, 52 and 104 atoms per unit cell, respectively. These
have recently been analysed within the Hume-Rothery
mechanism.'¥*'85 This suggests that structural distortions give
rise to new diffraction planes forming a Brillouin zone (BZ)
boundary close to the Fermi surface (FS).'3*!85 The resulting
interaction between the BZ boundary and the FS then results
in the opening of a pseudogap and a reduction in the overall
electronic energy of the structure. It has also been suggested
that a BZ-FS interaction could account for the incommensu-
rate composite phases.'®> Other studies of the Cs-III, Rb-III
and Ga-II structures have focused on the transition paths
between the structures'®® or on electron localisation within the
2-D layers forming the structures.'®’

As a result of greatly improved experimental techniques and
facilities, the last 15 years has seen many of the outstanding
uncertainties in the structures of the elements at high pressure
removed. Combined with modern computational methods,

much is now understood about the behaviour of elements at
high pressure. However, there are still a number of outstanding
questions and further studies are needed. Of particular interest
would be the discovery of further new incommensurate
structures. The recent discovery of a composite structure in
Sc (Ref. 36) shows that these structures are no longer confined
to groups 1, 2 and 15 of the periodic table, although the
current best candidates for further such structures, in Na, Ca
and P (see above), are indeed within these groups. There is also
a need for high- and low-temperature studies of structural
behaviour. Comparatively little is known about the high-
pressure structures and transitions of the elements at high, and
especially low, temperatures, and it is not certain, therefore,
whether the complex behaviour observed at room temperature
is maintained under these conditions. In addition, the
increasing number of structural studies of high-pressure
high-temperature liquids'>*** means that information on the
structures of the crystalline phases below the liquid phase are
required both to help interpret diffraction data from the liquid
phase, and to determine density changes on melting. And
knowledge of structural complexity at low temperatures is
required in order to correlate the existence of complex
structures with the pressure-induced superconductivity
observed in many elements.®> Structural studies within the
superconducting phase are technically challenging, but are
possible.

Finally, the difference in the electronic structures in the
elements at high pressure signalled by these large changes in
structure has led them to be described “new” elements with
new chemistry that can be used to create new materials. '85!
The pioneering work of Badding and coworkers has demon-
strated that potassium behaves more like a transition metal at
high pressures than an alkali metal, and, as a result, it can form
stoichiometric K-Cu and K-Ag alloys that do not form at
ambient conditions.'®¥1°° This field is still in its infancy, but
similar behaviour in general at high pressure promises to open
the way to wholly new materials with sought after properties.
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