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Abstract. Effects of high pressure on intermetallic com-
pounds are reviewed with regards to structural stability
and phase transitions. Changes of bonding properties and
electronic structure are examplified by means of the ele-
mental metals caesium and titanium, the latter forming an
internal intermetallic compound at high pressures. After a
short systematic overview regarding pressure effects, struc-
tural transformations in selected classes of intermetallic
compounds like Zintl phases and AlB,-type arrangements
precedes sections concerning high-pressure synthesis of
Laves phases and intermetallic clathrates.

Introduction

Alloys and intermetallic compounds are among the oldest
and most important man-made materials, being subject of
constant interest for inorganic chemists, physicists and ma-
terial scientists [1-9]. The basic difference between the
two groups of phases is that alloys in general exhibit
homogeneity ranges whereas intermetallic compounds are
defined by a — at least in principle — definite composi-
tion.

One of the focal points in the chemistry of intermetallic
compounds is the development of an understanding of sys-
tematic trends concerning phase stability, e.g., by means
of structure maps employing a large variety of different
scales (see [10, 11] and references therein). In the context
of investigating the realization of specific structural pat-
terns and changes of chemical bonding in solids, high
pressure is one of the fundamental state variables which
can be varied in order to uncover factors governing stabi-
lity fields of structure and bonding types as well as to
separate electronic effects from packing aspects. Simulta-
neously, it is a useful parameter in quantum chemical in-
vestigations since the compression can be easily simulated
in the calculations by a corresponding reduction of unit
cell parameters.

* Correspondence author (e-mail: schwarz@cpfs.mpg.de)

In the following sections, electronic effects of high
pressure application will be summarized before examples
for the differentiation of atoms in high-pressure modifica-
tions of chemical elements are analysed in some detail for
the metals caesium and titanium. A systematic categoriza-
tion of pressure-induced changes precedes overviews of
structural phase transitions in selected classes of samples,
i.e., Zintl phases with composition 1:1 and AlB,-type ar-
rangements. Sections on high-pressure syntheses of Laves
phases and intermetallic clathrates follow.

Electronic effects of high pressure

Phase formation in strongly polar intermetallic compounds
often causes a reduction of the density of states at the Fer-
mi level which gives rise to the formation of a pseudo-gap
or even a real band gap, e.g., in CsAu [12-15]. If we ne-
glect some special cases like strongly correlated systems,
application of pressure normally increases orbital overlap
and causes band broadening. The resulting reduction of the
fundamental band gap in semiconductors and insulators is
often labelled as metallization. A similar enhancement of
band dispersion originates in series of homologous ele-
ments from the intensification of atomic interactions with
atomic weight (Fig. 1a). Thus, compression frequently in-
duces the formation of structural patterns typical for hea-
vier group homologues, a finding which resulted in the
formulation of the pressure homology rule (R. H. Wentorf,
cited after [16]). However, some differences originate from
the fact that, in contrast to increasing atomic weight, appli-
cation of high pressure is not associated with an enhance-
ment of relativistic effects and, within the stability fields
of structural patterns, volume reduction by compression
can be realized in a continuous way.

An empirical concept to translate the effects of chemical
substitution into those of a compression is that of chemical
pressure. Here, crystal chemical changes are attributed
completely to the radius difference of the involved species.
A shortcoming of this approach is that both chemical sub-
stitution and compression will alternate parallely size and
electronic properties of the atoms. However, the pressure-
induced changes of the electronic features will typically
not correspond to those of the chemical substitution.
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Fig. 1. Density of states (DOS) as revealed by density functional the-
ory band structure calculations [21]. (a) Alkali metals sodium, potas-
sium and caesium; (b) Third row main group metals sodium, magne-
sium and aluminium. For the heavy alkali metals, the DOS close to
the Fermi level is modified by the presence of d-states, subtle devia-
tions for magnesium and aluminium are attributed to the occupation
of p-states.

Crystallographic differentation
of atoms in elements

Some basic effects of high-pressure application will be
recalled by employing main group elements as examples.
Here, semiconductors like silicon (and binary Grimm-
Sommerfeld compounds) exhibit pronounced pressure-in-
duced structural phase transformations which are asso-
ciated with dramatic electronic changes like insulator-me-
tal transitions. However, structural patterns with metal-type
conductivity can exhibit a significant amount of covalent
bonding, e.g., Si-VI [17, 18] adopting an atomic arrange-
ment observed exclusively for high-pressure phases.

At ambient pressure, essential structural and electronic
features of semimetals like arsenic (and isoelectronic bin-
aries) result from symmetry-breaking which opens band-
gaps at the zone bondary. Upon compression the Peierls-
distorted semiconducting modifications (Jahn-Teller sys-
tems) undergo transformations into elemental metals (see
e.g. [19]). These transitions are driven by band-broadening
caused by the increasing overlap of sp-orbitals originating
from the reduction of interatomic distances.

Most main group metals exhibit at ambient conditions
a density of states (DOS) which is proportional to the
square root of the energy, a finding which is in good
agreement with a nearly free electron regime [20] as it is
observed for, e.g., elemental sodium at ambient pressure
(see calculated DOS [21] in Fig. la). Proceeding within
the second period from sodium via magnesium to alumi-
nium reveals that all three elements are in good approxi-
mation nearly free electron metals (Fig. 1b). In both se-
lected sets, intensification of next-neighbour interaction is
reflected by increasing band dispersion. With increasing
atomic weight of the metal, the density of states close to
the Fermi energy is significantly modified by the pre-
sence of d-states [20]. Minor deviations for magnesium
and aluminium can be attributed to the occupation of p-
states.

However, a pressure-induced onset of covalent interac-
tions in metals is possible and will be examplified by the
phase changes of caesium. For visualization, we will em-
ploy the Electron Localization Function (ELF). The ELF
was originally formulated in the Hartree-Fock approxima-
tion and is frequently used as a detector for covalent inter-
actions [22]. In the density functional theory calculations
we used the formulation of ELF within DFT [23] of the
original expression [22]. A recently proposed more gener-
al functional called electron localizability indicator (ELI)
[24] yields the average number of same-spin electron pair
density in a small region with a fixed charge. In the Har-
tree-Fock approximation the Taylor expansion of the pro-
posed localizability functional can be related to the ELFE
Thus, ELF and ELI are considered as fingerprints of
(covalent) bonding in real space.

Computations’ of the ELF isosurface (7 = 0.35) of the
high-pressure phase Cs-IV reveal in accordance with ear-
lier findings [28, 29] (Fig. 2a) localization domains of the
outer-core basins of Cs atoms and bonding localization
domains in the triangular prismatic interstices. The latter
correspond to the Si sites in ThSi, [30]. On further lower-
ing the interpolation value, the outer-core basins and the
interstitial basins form a seperate basin set at 7 = 0.37.
The interstitial basins get connected into an extended
shape with the topology of the silicon substructure of
ThSi, (Fig. 2a, ELF isosurface with 7 = 0.24).

Calculations of the ELF for Cs-V (Fig 2b) reveal maxi-
ma at the centers of octahedra in the 3D structure [31]. No

! In the scalar relativistic full-potential calculations with the
FPLO method (full potential minimum basis local orbital scheme)
[21], we used the exchange and correlation potential of Perdew and
Wang [25]. For caesium, Cs(4d, 5s, 5p, 6s, 6p, 5d) states were cho-
sen as basis sets. Lower lying states were treated as core states. The
5d states were taken into account to increase the completeness of the
basis set. The inclusion of 4d, 5s and 5p states in the valence states
was necessary to account for non-negligible core-core overlaps. The
spatial extension of the basis orbitals, controlled by a confining po-
tential [26] was optimized to minimize the total energy. A k-mesh of
244 points (Cs-IV) and 456 points (Cs-V) in the irreducible part of
the Brillouin zone was used. Convergency with respect to k-points
and basis sets were carefully checked. For the titanium modifications,
Ti(3s, 3p, 4s, 4p, 3d) states were selected as basis sets. A k-mesh of
144 points (a-Ti) and 192 points (w-Ti) in the irreducible part of the
Brillouin zone was used. For the calculation of the ELF the FPLO
ELF-module was used [27].



422

other maxima apart from the outer-core basins are appear-
ing. ELF evidences the formation of clusters, a new feature
that was still absent in Cs-IV and which is a signature of
the increased participation of d-orbitals in the bonding [17].

The increasing directional bonding character of the
compressed alkali metals shows in low-symmetry atomic
arrangements with unusual coordination numbers. It is at-

Fig. 2. Electron localization function of high-pressure modifications
of caesium. (a) Cs-IV isosurface at 7 =0.35 (green) and n = 0.24
(blue), (b) Cs-V, isosurface at = 0.34.
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tributed to pressure-induced increases of the occupation of
p-states for the light homologues (lithium [32] and sodium
[33]) and a corresponding s—d transition for the heavy
homologues (rubidium and caesium [34]). Similar s—d
transitions upon compression have been formulated for the
alkaline earth metals Ca [35], Sr and Ba [36] as well as
for early transition metals like lanthanum [37].

Pressure-induced changes of the electron configuration
and symmetry breaking phase transitions of elemental me-
tals can result in a crystallographic differentation of che-
mically and physically identical atoms [see, e.g., 38—44].
In other words, there is only a gradual difference between
these high-pressure modifications and binary intermetallic
compounds.

Fig. 3. Electron localization function of titanium modifications. (a)
a-Ti, isosurface at = 0.65, (b) w-Ti, isosurface at 7 = 0.65.
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This phenomenon will be further illustrated by the so-
called w-phases and the high-pressure polymorphism of
titanium [45-49]. The ELF of a-Ti shows outer-core ba-
sins above the value = 0.76 (Fig. 3a). Interstitial basins
appear for lower values. At # = (.76 attractors are visible
in the octadedral voids, additional extrema show up in the
tetrahedral voids at 7 = 0.71 and these basins interconnect
at 7 = 0.69. All bonding basins fuse into a common set at
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Fig. 4. Density of states of the low- () and high-pressure (w) mod-
ifications of titanium. (a) Total DOS of a- and w-Ti; (b) partial DOS
of a-Ti; (c) partial DOS of w-Ti.

17 = 0.46. The attractors in the valence region are four- or
six-synaptic revealing the multi-center character of bond-
ing [50].

For the high-pressure modification w-Ti [45-49], the
ELF shows at # = 0.79 cylindrical localization domains in
the a, b hexagonal plane which are located on shortest
contacts between Ti; atoms thus indicating two-center
bonding (Fig. 3b). Additionally, six basins (attractor at
7 =0.75) interconnect to form a torus topology
(7 = 0.69) oriented around the Ti;—Ti; connections along
[001]. The Ti, positions are separated from the Ti; partial
structure by minima in the ELF. They occupy triangular
prismatic interstices in a network of covalently bonded Ti,
atoms. The axial bond attractors with toroid-like basin sets
are reminiscent of the ring attractors in the molecules
ScGa and Sc; [51]. Both attractors reveal directed (cova-
lent) interactions within the Ti; substructure which are
confirmed by the density of state computations.

In the total and projected DOS (see Fig. 4) of a-Ti the
lower part of the region between —6 eV and the Fermi
level is shaped by 4s states, while 4p and 3d states are
more pronounced in the upper part. The hybridization of
4s and 4p orbitals with 3d orbitals is only partial, and this
region is dominated by d states. Higher pressure only
slightly increases the dispersion of this region of the DOS.
Much more, it affects the mixing-in of 4s and 4p states
into 3d states, and to a different extent for the two Ti
crystallographic sites. While for Ti, (interstitial) the contri-
bution of 4s and 4p to the region just below the Fermi
level is similar to the situation in a-Ti, for Ti; the mixing-
in of 4s and 4p states has strongly increased. The signa-
ture of the hybridization occurring at Ti; is given in the
ELF by the pronounced structuring of its valence region.
The changes of the hybridization together with the ELF
justify the interpretation of w-Ti as an internal intermetal-
lic compound. A population analysis [52, 53] assigns a
charge of +0.5 to Tiy and the high-pressure modification
of titanium may be more precisely formulated as
((Tip)2)*Tij . This charge distribution is in accordance with
the observation that upon compression mixtures of electro-
positive potassium and electronegative silver in the ratio
2:1 react to form a binary compound K;Ag adopting an
w-phase type atomic arrangement [54].

Systematics of high-pressure effects

Summing up the findings of the last two sections from the
viewpoint of crystal chemistry, metallic high-pressure
modifications of elements can be categorized into four
groups: (i) unique atomic arrangements adopted at high-
pressure conditions, (ii) realization of crystal structures of
heavier group homologues, (iii) formation of patterns
which are observed for intermetallic compounds, or (iv)
partial structures thereof.

With respect to experimental conditions, high-pressure
experiments are either in-situ investigations or high-pres-
sure syntheses of (meta-)stable phases. The second group
of experiments is typically performed with element mix-
tures which segregate into two or more phases when soli-
dified at ambient pressure.
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Taking into account the crystal chemical and electronic
effects of high pressure, the following groups of experi-
ments on intermetallic compounds result:

a) Continuous alterations of the crystal structure upon

compression (e.g. [55-62]).

b) Pressure-induced electronic changes, e.g., oxidation
state changes of the potentially valence instable rare-
earth metals ytterbium, europium and cerium. Pres-
sure-driven s—d (or s—p) transitions like in the alkali-
and alkaline-earth metals or the early transition metals
(see above) are expected for weakly polar interme-
tallic compounds of these elements. Finally, sup-
pression of magnetic interactions due to band broad-
ening is anticipated for magnetically ordered phases.

c¢) Pressure-induced structural phase transitions which
are normally associated with a discontinuous increase
of density. These transitions are frequently (but not
necessarily) associated with an increase of coordina-
tion number (Pressure-coordination rule, M. Buer-
ger, cited after [16]).

Stabilization of compounds adopting compositions
which are thermodynamically unstable at ambient
pressure.

e) Phase formation by compression of mixtures which
exhibit an immiscibility gap at ambient pressure,
e.g., the binary systems Yb—Mn, Yb—Fe, Yb—Ni
and Yb—Co.

f) High-pressure high-temperature syntheses and crys-
tal growth experiments of compounds constituted
from elements differing largely in their vapour pres-
sure at the synthesis temperature.

The microscopic driving force for phase formation at
high-pressures is not explicitly investigated in the majority
of studies on intermetallic compounds. However, the total
energy changes associated with the realization of different
atomic arrangements amount to typically less than one
percent of the cohesive energy. The available data invite to
order the condensed overviews in the tables according to
composition and crystal chemistry of the phases. We like
to note here that pressure-induced subtle distortions of
crystal structures which are evidenced by anomalies of
physical properties but not characterized by diffraction
methods will not be considered in the tables (e.g. [63]).
For clarity, high-pressure syntheses of phases which also
form at ambient pressure will be omitted (e.g. [64—66]).
In the following sections, references to the original work
are given in the corresponding tables.

d

~

Zintl phases with composition 1:1

Several of the investigated intermetallic compounds are
strongly polar Zintl-phases comprising anionic partial
structures with covalent bonding between main group met-
al atoms (Table 1). Among these, the NaTl structure can
be described as a decoration variety of a cubic primitive
lattice which represents an alternative to the CsCl-type
pattern. In the cubic structure of NaTl each type of atom
is surrounded tetrahedrally by four atoms of the same type
thus forming a diamond-like net. An isostructural network
of the second atom type is shifted by (!/5, /5, !/2) so that

the first coordination sphere of all atoms is completed by
a second tetrahedron. The resulting coordination cube
shows an alternating occupation of the vertices according
to A4sB4s. In addition to these eight shortest distances
equal to a\/% (a = lattice parameter of the cubic unit
cell) six additional atoms are located at the slightly longer
distance a (+15%). In the CsCl-type high-pressure modifi-
cation, each atom is surrounded by eight unlike atoms at
a\/% plus plus six atoms of the same type at the slightly
longer distance a. The networks of both atom types form
cubic primitive substructures in the high-pressure phase.
The transformation proceeds via a reconstruction (Liln) or
two consecutive order-disorder transitions (NaTl — ¢p —
CsCl). Since low- and high-pressure modification can be
described as decoration variants of a cubic primitive lattice
the coordination number is conserved throughout the
structural change. The driving force of the phase transition
is that with increasing pressure Madelung contributions
favouring a CsCl arrangement become larger than the
band structure stabilization due to homonuclear bonding
within the anionic partial structure of the NaTl-type mod-
ifications [67].

A number of binary alkali metal silicides and germa-
nides with 1:1 composition adopt the KGe structure type
(Fig. 5) comprising Ps-analoguous tetrahedral units 73~
(T = Si, Ge) with short Ge—Ge or Si—Si distances at low
pressure. The atomic pattern of the aristotype can be de-
scribed as a stacking of very distorted centered octahedra
Ge[Kg] where the edges of the octahedra permeated with
Ge—Ge bonds are larger than the closed edges. The
lengths of the edges differ by as much as approximately
60%. The octahedra are connected by sharing vertices so
that each K atom belongs to six different octahedra. On
the other hand, the aggregate of K atoms in the first coor-
dination sphere of [Gey] tetrahedra forms a 16 vertices
cluster. The high-pressure modification of KGe is iso-

Kb Y2 - z
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5 @38
) i ® s
L "W = g
NaPb tetragonally

deformed bee (0-Fe)

Fig. 5. Crystal structure of the low-pressure modification of KGe
(own structure type) and the high-pressure modification (NaPb-type
crystal structure): The different arrangements of Ges[Kj¢] clusters and
the location of centers of [Gey4] tetrahedra are shown.
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Table 1. Pressure-induced phase transitions

and high-pressure syntheses of intermetallic Compound of  Structure type Transitipn or S.tmcture type Lit.

compounds with 1: 1 composition. type AB low-pressure phase  synthesis conditions gilgal;pressure
Liln NaTl 11 GPa CsCl 70
KTI 2 GPa NaTl 71
LiSi 4 GPa, 873 K MgGa 72
KSi KGe 4 GPa, 973 K NaPb 73
RbSi KGe 4 GPa, 973 K NaPb 73
CsSi KGe 4 GPa, 973 K NaPb 73
FeSi FeSi 24 GPa, 1950 K CsCl 74
LiGe MgGa 4 GPa, 773 K HP-LiGe I 75
LiGe MgGa 4 GPa, 1173 K HP-LiGe 1T 76
NaGe NaGe 4.GPa, 973 K NaPb 77
KGe KGe 4 GPa, 973 K NaPb 73
RbGe KGe 4 GPa, 973 K NaPb 73
CsGe KGe 4 GPa, 973 K NaPb 73
MnGe 4-5 GPa, 1273-873 K FeSi 78
CoGe CoGe 7.7 GPa, 1623-773 K  FeSi 79
RhGe MnP 7.7 GPa, 1623-773 K FeSi 79
BaSn Tl 4 GPa, 973 K CsCl 80
LaP NaCl 24 GPa MnHg 81
CeP NaCl 25 GPa CsCl 81, 82
PrP NaCl 26 GPa MnHg 81
NdP NaCl 30 GPa MnHg 81
SmP NaCl 35 GPa 81
GdP NaCl 40 GPa 81
TbP NaCl 38 GPa 81
TmP NaCl 53 GPa 81
YbP NaCl 51 GPa 81
YbAs NaCl 52 GPa 83
LaSb NaCl 11 GPa MnHg 84
CeSb NaCl 10 GPa MnHg 84
PrSb NaCl 13 GPa MnHg 85
NdSb NaCl 15 GPa MnHg 85
SmSb NaCl 19 GPa MnHg 85
GdSb NaCl 22 GPa MnHg 85
TbSb NaCl 21 GPa MnHg 85
YbSb NaCl 13 GPa CsCl 82
CeBi NaCl 13 GPa CsCl 86
CeBi NaCl 13 GPa MnHg 86
PuBi NaCl 10 GPa bct 87
PuBi bet 42 GPa CsCl 87
TmTe NaCl 8 GPa TmTe 88, 89
TmTe TmTe 15 GPa NiAs 90
TmTe TmTe 35 GPa 89
GdCu CsCl 12.8 GPa CdAu 91
LaAg CsCl 5 GPa CdAu 91
NdAg CsCl 3.4 GPa CdAu 91
AgZn trig-¢ 3.1 GPa CsCl 92
NdZn CsCl 4.2 GPa CdAu 91
CeZn CsCl 2 GPa CdAu 91

LiCd NaTl 11 GPa CsCl 70
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TII type

Fig. 6. Crystal structure of the low pressure modification of BaSn
(Tl-type crystal structure) and the high-pressure modification (CsCl
type): The phase transition can be described as a shift of columns of
trigonal prisms relative to neighboring columns and synchronous dis-
placements of atoms (indicated by arrows).

structural to NaPb and similar to the KGe type due to the
existence of potassium atoms arranged around [Gey] tetra-
hedra. The two modifications differ by the spatial organi-
sation of the potassium atoms and by the cluster condensa-
tion. The surrounding of Ge atoms in high-pressure KGe
is a polyhedron with CN7 which is pronouncedly less reg-
ular than the octahedra in the crystal structure of low-pres-
sure KGe. The centers of the [7T4] tetrahedra form a dis-
torted structure of an a-Fe-type in case of high-pressure
KGe (NaPb type) and a f-W-type (Cr3Si-type) arrange-
ment in case of the ambient pressure modification.

A more substantial structural reorganization is observed
for the corresponding lithium compound LiGe. The low-
pressure modification forms a 3D network of three-bonded
germanium. Upon compression, two different high-pres-
sure phases of LiGe are formed. A hexagonal one com-
prises six-membered rings of (3b)Ge~ which are con-
densed to channels along [001]. The second high-pressure
phase consists of corrugated layers of two- and four-
bonded germanium. According to the (8-N) rule, the for-
mation of this phase is associated with a pressure induced
disproportionation of (3b)Ge™ into (4b)Ge® and (2b)Ge?".
However, with regard to the charge balance the second
modification is electron deficient since it contains twice as
many (2b)Ge>~ as (4b)Ge’.

The crystal structure of the low-pressure modification
of BaSn is isostructural to TII (Fig. 6). The atomic pattern
can be regarded as an arrangement of trigonal prisms
Sn[Baj¢ and empty tetragonal pyramids [Ba]s resulting in
a coordination number of 7 for both atom types. At high
pressure there is a phase transition into the CsCl-type with
CN 8 for both atom types. Formally, the transition can be
described as a shifting of columns of trigonal prisms
along their three-fold axis by a translation !/>a relative to
the neighbouring columns associated with synchronous
shifts of the atomic positions until a CsCl-type arrange-
ment is realized.

High-pressure phases of AlB,-type compounds

Another frequently observed atomic pattern of intermetal-
lic phases are AlB,-type structures and distorted varieties

prdination

: 12+4 [
~ coordination : .
coordination 6+4 . W)/
1246 coordin\amijg' v
KI'I g_‘ 6+6
MgCu,

MgClu,

Fig. 7. Crystal structure of the low-pressure modification of SrAl,
(KHg-type crystal structure, see also Fig. 8) and the high-pressure
modification (MgCu,-type Laves phase): Coordination polyhedra of
the structure types (top) and two projections of the tetrahedral frame-
work in the Laves phase (bottom) are shown.

thereof (Table 2). In the aristotype, B atoms form regular
hexagonal planar (graphite-like) nets with three bonded
atoms. In the very frequent distortion variety of the KHg,
type, the graphitic nets are corrugated in a special way
resulting in a 3D polyanionic mercury network of four-
bonded atoms (Fig. 8). At high pressures, the orthorhom-
bic crystal structure of KHg, (space group Imma, Z = 4)
tranforms into the more symmetrical hexagonal crystal
structure of the AlB, type (see Table 2) with a c/a ratio of
approximately 0.6. The same type of transition is observed
in the rare-earth metal digallide TmGa,. It was shown by
bandstructure calculations and bonding analysis that the

KHg,

AlB,

a‘l O | g

c

A
g

Fig. 8. Crystal structure of the low-pressure modification of KHg,
(own structure type; also labeled as CeCu, type) and the high-pres-
sure modification (AlB,-type crystal structure): The pressure-induced
transition transforms corrugated Hg layers into planar slabs.
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Table 2. High-pressure phase transitions and syntheses of intermetallic compounds with 1:2 composition.

Compound of type AB, Structure type low-pressure phase Transition or synthesis conditions  Structure type high-pressure phase Lit.
ScGa, KHg, 2.5-7.7 GPa, 473-1273 K ZrGa, 93
CeGa, AlB, 16 GPa Hexagonal 94
HoGa, AlB, 4 GPa AlB,/Caln, 95
TmGa, KHg, 22 GPa AlB, 96
YbGa, Caln, 22 GPa AlB, 97
OsGa, 7.7 GPa, 570 K TiSi, 98
CdGa, AlB, 7.7 GPa AlB, 99
Auln, CaF, 8 GPa Distorted Co,Si 100
Mg,Si CaF, 2 GPa, 1773 K Hexagonal 101, 102
CaSi, CaSi, 4 GPa, 1273 K a-ThSi, 103
CaSi, CaSi, 9 GPa Trigonal 104
CaSi Trigonal 16 GPa AlB; 104
SrSi, SrSi, 4 GPa, 1273 K a-ThSi, 103
BaSi, BaSi, 4 GPa, 1273 K a-EuGe,; 105
BaSi, 3.5GPa, 873 K SrSiy 105
Mg,Ge CaF, 2 GPa, 1773 K Hexagonal 101, 102
SrGe, BaSi, 1.4 GPa, 1073 K EuGe,; 106
BaGe, BaSi, 4 GPa, 1273 K a-ThSi, 107
MoGe, Co,Si 0.8-7.8 GPa, 670-1220 K MoSi, 108, 109
WGe, <3 GPa, 873 K Co,Si 110
WGe; 2.5-7.7 GPa, 1773-2773 K MoSi, 110
NiGe, 5.5 GPa, 973 K CoGe; 111
Mg,Sn CaF, 5.2 GPa, 1670 K MgoSns 112
PtSn, CaF, 2.5-7.5 GPa, 800-1600 K Tetragonal 113
PtPb, 7.7 GPa, 1570-1770 K CuAl, 114
YSb, 5 GPa, 873-1973 K HoSb, 115
GdSb, 2-4 GPa, 1273-1773 K LaSb, 115
GdSb, 4.5 GPa, 773-1573 K HoSb, 115
TbSb, 3-4 GPa, 1273-2073 K LaSb, 115
TbSb, 4 GPa, 773-1773 K HoSb, 115
DySb, 3 GPa, 1173-1973 K HoSb, 115
HoSb, 4 GPa, 773-1973 K HoSb, 115
ErSb, 4 GPa, 773-1773 K HoSb, 115
TmSb, 5 GPa, 773-1973 K HoSb, 115
GrSb, FeS, 5.5GPa CuAl, 116
NiSb, FeS, 6 GPa, 923 K NiAs; 117
Na,Te CaF, 2.3 GPa PbCl, 118
Na,Te PbCl, 5.3 GPa Ni,In 118
LaCu, AlB, 1.6 GPa KHg» 119
KrAg 4 GPa AlB, 54
KHg, KHg» 2.5 GPa AlB; 120
MgEr, 1.5 GPa, 2023 K MoSi, 121
MgTb, 1.5 GPa, 1953 K MoSi, 121

structural change is associated with a breaking of gal-
lium—gallium bonds. Thus, gallium is transformed from
four-bonded in the 3D network of the low-pressure modi-
fication to three-bonded in the layers of the high-pressure
modification.

A closely related transition mechanism from a distorted
AlB, variety into the undistorted AIB, aristotype is ob-
served for YbGa, at high pressures. Here, the low-pressure
Caln,-type structure with four-bonded gallium atoms trans-

forms into an AlB,-type atomic arrangement with three-
bonded gallium at high pressure. Compression and struc-
tural transition are paralled by a change of the rare-earth
metals oxidation state from Yb?* at low pressure towards
Yb** in the high-pressure form. Consequently, the struc-
tural change in the anionic network can be described as an
internal redox reaction from (4b)Ga~ into (3b)Ga!”~.

A slightly different transition is observed for the AlB,
type rare-earth metal digallides GdGa, and CeGa,. Here, a
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structural phase transition is associated with a discontinu-
ous decrease of the c/a-ratio and a conservation of the
topology of the gallium nets, i.e., three-bonded gallium in
both the low- and the high-pressure modification. At ambi-
ent pressure, the covalent character of the intralayer Ga-
bonding causes short interatomic distances and, thus, a
small lattice parameter a. This shortening of the g-axis has
to be compensated for by an elongation of the c-axis since
the distances between the network atoms and the rare-
earth metal atoms between the layers are determined by
the sum of the atomic radii. Thus, large c/a-ratios (typi-
cally around one) result at low pressures. The phase transi-
tion is associated with a strong discontinuous decrease of
the interlayer non-bonding distances along [001] (8% for

GdGa;) while the intralayer gallium—gallium bond dis-
tances along [100] increase (2.5% for GdGa;). As a result,
the high-pressure phases which are often labelled as
UHg,-type atomic arrangements exhibit c/a ratios which
are reduced by about 10%. Despite the pronounced short-
ening of the non-bonding gallium-gallium distances, the
pressure-induced reduction is not sufficient to allow for a
significant strengthening of the interlayer interactions. In
the context of these pressure-induced phase-transition of
AlB, varieties, the structural change of LaCu, (AlB; type
at 1.6 GPa, KHg, type at 3.9 GPa) is a suitable candidate
for investigations of bonding properties in strongly polar
transition metal compounds.

Table 3. High-pressure modifications with

Comprandof Sy Tt orsymbesis S L L e oyl s,
phase phase
HoMg, 1.4 GPa, 2023 K MgZn, 122
TmMg, 1.4 GPa, 1973 K MgZn, 122
YbMg» 1.4 GPa, 1473 K MgZn, 122
SrAl, KHg, 6 GPa, 1323 K MgCu; 123
BaAl, 3 GPa, 1273 K MgCu, 124
ThAl, AlB, 0.3 GPa MgCu, 125
UAl, MgCu, 11 GPa MgNi, 126
EuPdj 72In; »g 10.5 GPa, 1500 K MgZn, 127
EuPt 56In; 44 10.5 GPa, 1400 K MgZn, 127
YMn, MgCu, 7 GPa, 2273 K MgZn, 128
GdMn, MgCu, 7 GPa, 2273 K MgZn, 128, 129
TbMn, MgCu, 7 GPa, 2273 K MgZn, 128, 129
DyMn;, MgCu; 7 GPa, 2273 K MgZn, 128, 129
YbMn, 7.7 GPa, 1623 K MgZn, 130, 131
UMn, MgCu, 3 GPa Orthorhombic 132
PrFe, 2.8-5.0GPa, 973 K MgCu; 133, 134
Pr;_,R,Fe,, 2.8-5.0GPa, 973 K MgCu, 135
R =Ce, Nd
NdFe, 2.8 GPa, 1623 K MgCu, 131
SmFe, MgCu, 7.7 GPa, heating MgZn, 133
GdFe, MgCu, 7.7 GPa, heating MgZn, 133
TbFe, MgCu, 7.7 GPa, heating MgZn, 133
HoFe, MgCu, 7.7 GPa, heating MgZn, 133
YbFe, 7.7, 0.6 GPa, 1623 K MgCu; 131, 136
LuFe, MgCu, 7.7 GPa MgZn, 133
YFeCu 7.7 GPa, heating MgCu, 137
GdFeCu 7.7 GPa, heating MgCu, 137
Yb(Fe;_,,Cuy,) 7.7 GPa, heating MgCu, 137
NdRu, MgCu, 7.8 GPa, 1503 K MgZn, 138
SmRu, MgCu, 0.6 GPa, 1503 K MgZn, 138
LaOs, MgCu, 6—14 GPa, 1050 K MgZn, 139
CaCo, 8 GPa, heating. MgCu, 140
Ca(Fe;_Ni,); 8 GPa, heating MgCu, 141
LaCo, 1-6.5 GPa, MgCu, 142
1323-1623 K
KAg, 7-40 GPa, 2300 K MgZn, 143
KAu, 4 GPa, 1075 K MgZn, 144
NaPt, 4 GPa, 1650-1050 K MgCu; 145
ScZn, 4 GPa, 2173 K MgZn, 146
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High-pressure Laves phases

A pressure-induced transition from a KHg,-type valence
compound into a metallic Laves phase with a cubic MgCu,-
type arrangement is observed for SrAl, (Table3 and
Fig. 7). In the low-pressure arrangement the majority spe-
cies (4b)Al forms a 3D anionic framework by a specific
distortion of hexagonal nets. The four-bonded anion Al™
is in accordance with an electron precise Zintl phase ful-
filling the (8-N) rule.

In the MgCu,-type crystal structure, the majority atoms
form a framework by vertex-sharing of empty tetrahedra
[Al4]. As a consequence, the transformation is associated
with an increase of the average number of homonuclear
aluminium contacts since the four-bonded species is trans-
formed into four- and six-bonded ones which are located
in the bases and the tips of the tetrehedra, respectively.
The structural change is associated with an increase of co-
ordination number from 10 to 12 for aluminium. This re-
constructive transition of SrAl, follows the same systema-
tic trend from a polyanionic Zintl-phase at low pressures
into an intermetallic compound at high pressures as the
transformations of Liln and LiCd. Synthesis of the analo-
guous barium compound BaAl, also requires high-tem-
perature high-pressure conditions while at atmospheric
pressure the aluminium richest phase is BajAl;s.

The large number of Laves phases forming at high-
pressures is attributed to the formation of topological
close-packings of two atom types with similar electronega-
tivity and a size ratio of 1:/1.5 (ra/rg approximately
1:1.225) in the idealized molar ratio of 1:2 (for a recent
review of stabilizing factors, see [68]). The importance of
radius ratios for the packing of unlike atoms is strikingly
underlined by the experimental observation of the solid

noble gas compound NeHe, with a MgZn;-type Friauf
Laves phase crystal structure at high pressures [69].

However, the importance of directional bonding in
some hexagonal Laves phases is clearly indicated by axial
ratios which strongly deviate from the values found for an
ideal close packing of spherical atoms. One of the extreme
examples is KAu, which does not only exhibit a signifi-
cant deviation of the radius ratio #(K)/r(Au) = 1.648 from
the ideal value (1.225) but also a remarkable c/a ratio of
1.741 (ideal 1.633) and a difference of electronegativity
corresponding to 1.5. Consequently, the rules concerning
radius ratios are often soft with respect to a large number
of inconsistencies or exceptions. One of the reasons for
this is that charge transfer and size alterations are not tak-
en into consideration. However, electron transfer may
change the size and the shape of the constituting species
significantly — especially in case of larger electronegativ-
ity differences.

Table 4. High pressure syntheses of binary or pseudo-binary clath-
rates and clathrate-like compounds with 3D anionic frameworks.

Composition Synthesis conditions Structure type Lit.
EuSie_,Ga, 8 GPa, 1500 K EuGa,Gey 147
BagSizs 1 GPa, 1070 K BagInyGes; 148
BagSisg 3 GPa, 1070 K K4Sins 149
Bag_sSiss 3 GPa, 1070 K K4Sins 150
BaSig_, 12 GPa, 1070 K 151
Bag_sSise—.Ge, 3 GPa, 1070 K K4Sins 152
BagGeos_,Siy 1 GPa, 800 K BagGeysIn, 153
Bag_Eu,Gey; 1 GPa, 800 K BagGeus 154
SrGeg_s 5 GPa, 1470 K SrGeg_s 155
LaGes 5 GPa, 1470 K LaGes 156

Table 5. High-pressure phase transitions or

syntheses of intermetallic compounds with Compound of  Structure type Transitipn or SFructure type Lit.
1':3 composition. type A3B low-pressure phase synthesis conditions  high-pressure phase
V3Al Cr3Si 2 GPa, 1770 K Tetragonal 157
V3Al 4 GPa, 1900 K Hexagonal 157
V3Al 2.5GPa, 1170 K bce 157
OsGas 7.7 GPa, 570 K -ReGa; 158
Nbsln 3.2GPa, 1173 K Cr;3Si 159
CeGes 5 GPa, 1873 K CuszAu 160
NbsGe 2 GPa, 1073 K Cr3Si 161
PtSns 7.0 GPa, 1173 K Cubic 162
LuPb; 6.7-8.8 GPa, 973 K  CuszAu 163
NbsPb 2 GPa, 1073 K Cr3Si 161
LizAs NazAs 4.5 GPa BiF; 118
NazAs CusP 3.6 GPa BiF; 164
NazSb NazAs 1.8 GPa BiF; 118
Mn;Sb 6.2 GPa, 1273 K CusAu 165
NazBi NazAs 1 GPa BiF; 118
Nb;Bi 3.5GPa, 1273 K Cr3Si 159
Ybs;Co 7.7 GPa, heating Fe;C 166
YbsNi 7.7 GPa, heating Al3Ni 166
Ks3Ag 6.4 GPa BiF; 54
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High-pressure synthesis of clathrates

The finding of superconductivity in some intermetallic
clathrates prompted intense interest in synthesis and phy-
sical properties of these compounds. Their atomic ar-
rangement is characterized by an anionic framework of a
majority component with cage-like voids centred by cat-
ions. Several clathrates are accessible by high-pressure
synthesis, e.g., BagSirs, BagSiss, Bag_,Siss_,Ge,, and
Bag_Eu,Ge3[]3 (Table 4). It was noted that high-pressure
treatment is necessary for the preparation of silicides like
BagSiys and BagSise while the corresponding germanium
compounds can be synthesized at ambient pressure. Taking
into account the small size difference between silicium and
germanium, it remains to be investigated whether the forma-
tion of Si clathrates by compression can be attributed to a
thermodynamic stabilization of the clathrate relative to com-
peting phases. Alternatively, the large melting point differ-
ence of the two elements and the higher synthesis tempera-
tures required for the silicon compounds certainly causes
elevated partial pressures of low-boiling components which
may demand high pressures for compensation.

Summary

The knowledge concerning the formation of high-pressure
phases of intermetallic compounds is still rather imcom-

Table 6. High-pressure syntheses of intermetallic compounds with
various compositions.

Compound Synthesis conditions Structure type Lit.
PdsAly; 4 GPa, 1673 K PtgAly; 167
TagGas 7.7 GPa, 2273 K TigSns 168
MosGaj 7.7 GPa, 873 K W;5Sis 169
MosGaj 7.7 GPa, 623 K CrsB; 169
MoeGaj 7.7 GPa, 623 K TigSns 169
MoeGa; 7.7 GPa, 873 K Cubic 169
W,Gas 7.7 GPa, 573 K Mn,Hgs 170
Co,Si3 4 GPa, 773K Ru,Sn; 171
WsGes 7.7 GPa, 873 K W5Sis 172
WsGes 7.7 GPa, 873 K CrsB3 172
Mn;Ges 4 GPa, 1073 K Mn;;Sijg 173
MnGey 5.5 GPa, 873 K Tetragonal 174
ResGe; 4 GPa, 973 K Mn,Siy 171
CoGey 6 GPa, 873 K Cubic 174
RhGey 2.5 GPa, 1000 K IrGey 175
MgoySns 5 GPa, 1673 K MgoySns 112
IrSny 6.0 GPa, 1173 K PtSny 175
YbgMny; 7.7 GPa, 1470 K TheMny3 130
YbsMnj3 7.7 GPa, 1620 K Ho4Cos 130
Yb,Mn; 7.7 GPa, 1470 K Th,Niy; 130
Yb,Niy 7.7 GPa, heating Gd,Niy 166
TbeCuys 7.7 GPa TheMnys 176
DysCups 7.7 GPa TheMnys 176
Yb6Cuz3 7.7 GPa Th(,an3 176
LU()CUB 7.7 GPa Th()MnB 176
CazAuy 75 atm of N, PusPdy 177

plete. The large number of different structure types and
compositions other than 1:1 or 1:2 (Tables 5 and 6) im-
pedes the clear recognition of patterns in this group. Sys-
tematic investigations of compound series are available for
some strongly polar Zintl-type phases and a subset of
AlB,-type compounds. However, despite some empirical
concepts to predict the effect of pressure application, a
clear picture of the structural phase transitions has not
evolved yet. This is partly due to the fact that only a few
pressure-induced structural changes have been investigated
by quantum mechanical calculations of the total energy.
The hitherto available experimental data evidence a rich
crystal chemistry of Zintl phases upon compression and
the stability of most AlB,-type atomic patterns at reduced
volumes. The large number of synthesized Laves phases
underlines their description as a dense-packing of two
atom types and justifies the expectation that more repre-
sentatives will form at high-pressure conditions.
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