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The rare-earth and actinide based compounds are endowed with several exotic physical and
chemical properties due to the presence of f-electrons. Under pressure, the nature of f-electrons
can be changed from localized to itinerant, leading to significant changes in their structural,
physical and chemical properties. The present review on these f-electron based binary
intermetallics compounds is an outcome of a detailed literature survey as well as our own
research’ during the last one decade. It attempts to bring out the structural sequences observed
among the various homologues and their correlations with their electronic structure. It is seen
that the majority of the AB type compounds show the NaCl to CsCl type structural
transformation; whereas the AB3 type compounds stabilizing in cubic structure at STP, remain
stable over a wide pressure range. However, the AB, type compounds exhibit a variety of
structural transitions, which broadly fall into the following sequence: MgCuy —---- - - — CeCu,

— AIBy; — ZrSi; — ThSi; - SmSby —-+----- ..

Further, the structural transitions, the transition

pressures and bulk modulii values in any homologous series are seen to follow a systematic
trend with respect to the atomic numbers of their constituent elements.

© 2006 Springer Science + Business Media, Inc.

1. Introduction: High pressure and condensed
matter

High-pressure science and technology has come a long
way since water was squeezed inside a lead sphere for
studying its compressibility about two centuries back [1].
The pressure achieved inside the lead sphere was esti-
mated to be ~0.01 GPa. Today, the advancement in high-
pressure techniques has enabled investigation of matter at
pressures exceeding 500 GPa using diamond anvil cells
(DAC:s) and synchrotron radiation [2—7]. The energy den-
sity achieved at such ultra-high pressure exceeds the bond-
ing energies in the solid. Compression leads to changes in
electronic states, chemical bonding and atomic packing
of the condensed matter. With the advent of laser-heating
techniques, it is now possible to heat the samples up to
several kilo-Kelvin in the DAC [8-10]. Findings from the
studies of material properties at such extreme P-T con-
ditions have had a major impact on problems in physics,
chemistry, geosciences, planetary science and materials
science [11-13].
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The effect of pressure on materials can broadly be clas-
sified into two categories, namely, the lattice compres-
sion and the electronic structure change. However, these
two changes are not totally independent, and often, one
is associated with the other. The decrease in interatomic
distances or increase in the density leading to changes in
the phonon spectra, increase in the free energy (G) and
the associated phase transitions stabilizing compact struc-
tures characterised by significant changes in the physical
properties come under “lattice effects”. As the interatomic
distance decreases, the overlap of outer electronic orbitals
increases leading to an increase in the energy band widths,
the extent of hybridization of the outer electronic orbitals,
shifting and broadening of the energy bands (Fig. 1.) etc.
All these electronic effects lead to interesting changes in
their physical and chemical properties [14, 15]. For in-
stance, closing of energy gaps leads to metal-insulator
transitions [16, 17], shift in energy bands leads to inter-
band electron and valence transitions [18, 19], change in
the topology of the Fermi surface leads to Lifshitz type
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Figure 1 Schematic of the electronic energy bands vs. interatomic distance.
Broadening and shifting of various bands can be noticed. In the figure, p
and s denote the electron states and A is the hopping energy.

transitions [20-22] and so forth. As a consequence, their
physical properties such as electronic specific heat, super-
conductivity and magnetism, undergo changes.

2. Effect of pressure on f-electron based
intermetallic compounds (£IMCs)

An intermetallic compound (IMC) is a structure in which
two or more metal constituents are in relatively fixed ra-
tios and are usually ordered in two or more sub lattices,
each with its own distinct population of atoms. Gener-
ally, all metal-metal compounds, both ordered and dis-
ordered, binary and multi-component, are considered as
intermetallic compounds. In this review, even the metal-
metal aspect of the definition is relaxed by including some
metal-metalloid compounds such as sulphides, tellurides
and others. It is believed that this inclusion is appropri-
ate since the phenomenology of many such compounds
is nearly identical to that of metal-metal compounds and
they provide useful examples of principles, properties and
practices [23].

At present, some thousands of intermetallic phases are
known. For most of them, the crystallographic structures
have been investigated. There exists a relatively large
database for binaries, but a sparse database for ternaries
and almost no data for quaternaries [24, 25]. Further, even
among the binaries, systematic data as a function of ex-
perimental variables like the choice of chemical elements,
their combination and their concentration, temperature,
pressure, etc., are not available. In this paper an attempt
has been made to review the current status of research on
the pressure induced structural stabilities and the phase
transition behaviour of f-electron based IMCs (f~-IMCs).
The purpose is not to list all materials investigated, but
rather to look for systematics in compressibilities, crystal
structures, etc., amongst the binaries.

After several decades of intensive research on f~IMCs,
a wealth of spectacular and exotic results has emerged. As
regards to novel electronic structure, cooperative phenom-
ena, coexistence of superconductivity and magnetism,
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anomalous transport properties; the f-electron based mate-
rials has been literally an inexhaustive source. Coinciden-
tally, the spurt in the basic studies on the f-electron based
materials have been possible largely due to the availabil-
ity of the “diamond anvil cell”, a compact and ingenious
pressure generating device.

The elements of rare earth and actinide series have been
studied and continue to be explored extensively. There ex-
ist several puzzles, which need to be resolved unambigu-
ously. It may be recalled that at STP, in the lanthanide el-
ements, the 4f states are localized and magnetic, whereas
in the actinides, the 5f states exhibit dual nature. That is,
in the early actinides (up to Pu), the 5f states are itinerant
and non-magnetic; whereas in the late actinides (Am and
above), the 5f states are lanthanide-like (localized) [26,
27]. Actually a recent computation on Pu shows that the 5f
states in §-Pu (fcc) are neither completely itinerant nor lo-
calized; rather, it is in some kind of exotic electronic state
that may be described as partially localized [28]. Most
of the physical properties of f~-IMCs are governed by the
nature of the their f-electron states. In elemental systems,
contrary to the lanthanide metal, the conduction band of
the actinide metal is very complex. Due to the f-f orbital
overlap, the 5f wave functions broaden into 5f bands and
due to close proximity of the 5f, 6d, and 7s bands, the 5f
band hybridizes strongly with the 6d and 7s bands. Hence
the conduction band of the early actinides are an admix-
ture of 6d, 7s and 5f states. In lanthanides, the 4f electrons
are highly localized and are treated generally as atomic
states [14].

In actinide compounds, the f-f overlapping and hy-
bridization plays an important role in deciding the elec-
tronic structure. The presence of a non-actinide element
may change the interactinide separation, thereby chang-
ing the f-f overlapping. Also, hybridization of 5f may
take place not only with the 6d and 7s state of the ac-
tinide atom, but also with the outer states of the non-
actinide metal. These factors play an important role in the
study these systems. Band calculations have shown that
5f states broaden into a narrow band, which is close to the
Fermi level giving rise to a high density of states at the
Fermi level which creates conditions for mixed valence
behaviour. This type of magnetic ordering is also influ-
enced by the f-p hybridization [28]. Systems with itiner-
ant f-electrons states exhibit complex anisotropic physical
properties, higher bulk modulus, high melting point and
stabilize in low symmetry crystal structures. The higher
bulk modulus arises as the f-electron states participate in
bonding and strengthen the lattice. On the other hand,
localised f-electron based systems exhibit local magnetic
moments, low bulk modulus and adopt high symmetry
crystal structures.

Pressure plays a significant role in studying the nature
of f-electron based lanthanide (4f) and actinide (5f) sys-
tems. As the nature of f-electron states depends on the
f-orbital overlaps, these can be tuned in a controlled man-
ner by changing the interatomic distances by applying
external pressure [29, 30]. This influences the physical



properties of the f-electron based systems and studies on
pressure effects in these systems appear to be quite excit-
ing [31-33]. Since the electronic structure determines the
ground state atomic arrangements [14], studies on crystal
structures provide valuable information on the underlying
electronic structure. A systematic study of the pressure in-
duced structural sequences has become very important in
probing their electronic structure, in understanding the
transition mechanisms and in predicting phase transitions
[15,31,32]. However, the radioactivity of the actinide sys-
tems puts severe restrictions in handling and investigating
their properties. Laboratories equipped with glove boxes
for handling radioactive materials are required for prepar-
ing the actinide samples and loading it in a high-pressure
cell.

3. Structure maps for IMCs

Before proceeding further, the subject of high-pressure
structure maps is explored. Structural stability maps at-
tempt to systematise the database of different crystal struc-
tures of available IMCs. The main objective is to elucidate
relations between the structure type of a compound and
the electronic configuration of its constituents. This is
in order to explain the occurrence of observed structure
types, or to predict about possible structure types of new
or hypothetical compounds.

The use of structure maps in predicting high-pressure
structural sequences has not been exploited to its full ca-
pability. With several thousands of compounds known,
the structural stability maps provide a very important ba-
sis for correlating the crystal structure and the electronic
configuration of its constituents. As a function of pres-
sure, structural phase transformations are generally a rule
rather than an exception. Knowledge about possible struc-
tures can enormously facilitate the indexing of the X-ray
powder diffraction pattern. Moreover, particular structure
types are favourable for certain properties like supercon-
ductivity and magnetism. Some applications in aerospace
industries prefer the cubic structure, leading to more duc-
tility in the already strong solids [34]. Here, these maps
might give clues in choosing the right alloying elements
[35]. Recently, Villars and others have developed three
parameter structural stability maps for binary compounds
[36]. The maps are based on the differences in the valence
electron numbers, atomic radii, and electronegativities of
the constituent elements.

4. High pressure structural studies on f-IMCs

We now review the high-pressure structural work on AB,
AB; and ABj; type of f~IMCs. The data is restricted to
those published after 1992-3, since detailed reviews on
previous studies exist [31, 32]. A decade ago Trzebia-
towski [37] and Sechovsky and Havela [38] had reviewed
various physical property measurements on actinide inter-
metallics with emphasis on magnetic systems. A complete

list of materials studied under the action of pressure has
appeared in past [39]. In addition, there are other ways of
looking at the problem. For example, Tomaszewski has
collected the data on high pressure and high temperature
behaviour from about 300 crystals mainly of inorganic
type and presented the statistical analysis of the data base
[40]. Also, mention must be made of an attempt by Gupta
and Chidambaram in categorizing pressure induced struc-
tural phase transitions into the following four groups: iso-
symmetric, group-subgroup, intersection group and order-
disorder transitions [41]. A review covering all the IMCs,
towards the end of this century is eagerly awaited. Such a
review can form the basis for the design and synthesis of
novel materials of future [35].

Four decades of study of actinide and rare earth mate-
rials have produced a plethora fascinating results. After
the initial experiments by the “father” of high-pressure
research, P. W. Bridgman in the 50°’s [42] on uranium
oxide, several papers were published using the piston-
cylinder equipment. The studies using DAC on actinide
compounds appeared in the year 1973 [43]. Pioneering
work on the high-pressure structural studies on higher
actinides and their compounds are being carried out at
Institute for Transuranium Elements, Karlsruhe. Over the
years, this group specializes in studies, which require fa-
cilities for handling highly radioactive and short half-life
actinides.

Inspite of all the above, the high-pressure work on f-
IMC:s is limited [44]. Among these, the only group of
compounds, which have been studied to some extent lead-
ing to certain structural systematics, is the AB type. They
transform from B1 (NaCl type) to B2 (CsCl type) struc-
tures under pressure [31, 32]. However, no such system-
atic studies have been done on their AB,; and ABj type
intermetallic compounds.

4.1. AB type of FIMCS

More than about one third of f~IMCs studied under the
influence of pressure are of the AB type. The first high-
pressure X-ray diffraction measurement (using a DAC)
on actinide material, ThS and ThSe, was from our labora-
tory [43]. The actinide and lanthanide based pnictides and
chalcogenides have received the maximum attention and a
systematic report is available [31, 32]. In studies of struc-
tural transformation, one of the most extensively studied
structural phase transformation is the NaCl to CsCl type.
The reasons are two fold. The number of compounds
showing such a transition is large, leading to systematics
and the transition has become a benchmark for scientists
to elucidate the mechanism of a non-diffusive solid-solid
phase transition of the first order [45].

Degtyareva et al. [46] have studied several f~-IMCs of
AB type, which stabilize in the CsCl type (cP2) crystal
structure and having either Cu, Ag or Zn as the other
constituent of the compound. Table I summarises their
important results. It is found that all the compounds ex-
hibit a transition from cP2 to oP4 structure. It is noticed
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TABLE I Compounds and their transition pressure for CsCl type (cP2)
to orthorhombic oP4 structure [46]

Compound Transition pressure (GPa)
GdCu 12

LaAg 34

NdAg 5

LaZn 16

CeZn 16

NdZn 42

TABLE II Lanthanide monophosphides (stabilizing in NaCl-type), their
high pressure structures, transition pressures and bulk modulus wherever
available.

High pressure Transition Bulk modulus

Compound structure pressure (GPa) (GPa)
LaP BCT 24 67 [48]
CeP CsCl 19/25 [49] 62 [49]
PrP BCT 25 n.d
NdP BCT 30 n.d
SmP n.d 34 n.d
GdP n.d 40 n.d
TbP n.d 38 n.d
TmP n.d 53 n.d
YbP n.d 51 n.d

n.d: not determined. Except where mentioned, all the results are from ref.
[47].

that compounds based La, Ce, Nd and Gd show similar
behaviour, although Ce and Nd exhibit valence transition
and intermediate valencies [46].

However, in the case of CeZn there is a complex be-
haviour between 4 and 11 GPa and the pattern cannot be
fitted to oP4. It is presumed that in the intermediate region
there is the possibility of occurrence of a metastable phase
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Figure2 Transition pressures vs. lattice constants in the NaCl type structure
of LnP (Ln = La, Ce, Pr, Nd, Sm, Gd, Tm, and Yb) compounds [47].
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Figure3 Transition pressures vs. lattice constants in the NaCl type structure

of LnAs (Ln = Ce, Pr, Nd, Sm, Gd, Dy, and Ho) compounds. The structures
of the high-pressure phases are shown by the symbols [53].

due to a distortive transition and a second (more stable)
phase formed as a result of stronger kinetic hinderance.

In the following, the high-pressure effects on several
lanthanide monopnictides will be reviewed. All these sys-
tems stabilize with a NaCl-type structure and have been
systematically investigated by various groups. Adachi
et al. [47] have investigated LnP (Ln = La, Ce, Pr, Nd,
Sm, Gd, Tb, Tm and Yb). Fig. 2 shows transition pressure
with lattice parameter of the LnP compounds. The tran-
sition pressures increase with decreasing lattice constants
or increasing atomic number of lanthanide atoms. Table IT
lists the compounds, structure of the high pressure phase,
transition pressure and bulk modulus wherever available.
Earlier studies on cerium phosphide reports an isomor-
phous transition at ~10 GPa [50-52], accompanied by
a volume collapse of ~3-8%. This is attributed to the
electron transition involving charge change in the valence
state of Ce [50-52].

Powder X-ray diffraction of lanthanide monoarsenides
LnAs (Ln = La, Pr, Nd, Sm, Gd, Dy, Ho and Lu) with
a NaCl-type structure have been studied up to 60 GPa
at room temperature [48, 53-56]. Fig. 3 shows transition
pressures with lattice parameter of the LnAs compounds.
The transition pressures increase with decreasing lat-
tice constants or increasing atomic number of lanthanide
atoms. Table III lists the compounds studied, their high-
pressure structure, transition pressure, and bulk modulus.
Band structure calculations on LaP and LaAs have pre-
dicted that at compressed volumes, the compounds favour
the tetragonal phase over the CsCl phase [54]. The calcu-
lated transition pressure is 18 GPa and 11.2 GPa as against
the experimental value of 24 GPa and 20 GPa. Further,
the band calculations have revealed that in LaP, and LaAs,
the narrow ‘f” bands lie above the Fermi level at around
0.18 Ry. These bands are not completely localized and
drop down below the Fermi level around —0.08 Ry along
the I'-X direction [54]. Also, in the high-pressure phase,
the contribution from the La, ‘d’ like states is more at the
Fermi level when compared to the La °f” contribution. The
‘d’ contribution further increases as one goes from LaP to



TABLE III Lanthanide monoarsenides (stabilizing in NaCl-type), their
high pressure structures, transition pressures and bulk modulus wherever
available

TABLE IV Lanthanide monoantimonides (stabilizing in NaCl- type),
their high pressure structures, transition pressures and bulk modulus wher-
ever available

High pressure Transition Bulk modulus High pressure Transition Bulk modulus
Compound structure pressure (GPa) (GPa) Compound structure pressure (GPa) (GPa)
LaAs Tetragonal 20 92+6 LaSb Tet 11
P4/mmm CeSb Tet 11 37.3 [47]
CeAs Tetragonal 21 [49] 7342 15 72 £ 31[59]
P4/mmm 14 [55] 69+ 1 PrSb Tet 15 n.d
PrAs Tetragonal 27 100 £ 6.5 NdSb Tet 18 n.d
P4/mmm SmSb n.d 19 n.d
NdAs Tetragonal 24.2 839+406 GdSb n.d 22 n.d
P4/mmm TbSb n.d 21 n.d
SmAs n.d 32.1 84235 DySb CsCl 28 nd
GdAs n.d 36 n.d HoSb CsCl 31 n.d
DyAs n.d 44 n.d ErSb CsCl 35 n.d
HoAs n.d 46 n.d TmSb CsCl 31 n.d
LuAs n.d 57 85+3 LuSb CsCl 33 n.d

n.d: not determined. Except where mentioned, all the results are from ref.
[53, 54].
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Figure 4 Transition pressures vs. lattice constants in the NaCl-type struc-
tures of LnSb (Ln = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu)

compounds. The structures of the high-pressure phases are shown by the
symbols [57].

LaAs which may be one of the reasons for the increase in
the density of states in the high pressure phase.

The phase transition behaviour of lanthanide anti-
monides has been studied by high-pressure X-ray diffrac-
tion up to 60 GPa [57, 58]. Fig. 4 shows transition pres-
sures with lattice parameter of the LnSb compounds. As
in the case of LnP and LnAs compounds here too the tran-
sition pressures increase with decreasing lattice constants
or increasing atomic number of lanthanide atoms. Table
IV gives the list of compounds and their other experimen-
tal parameters reported in the papers. It may be noted that
the LnSb compounds do not follow the well known NaCl
to CsCl transition under high pressure.

Interest in cerium compounds stems basically from
a wide range of physical properties including heavy
fermion, mixed valence and Kondo insulating behaviour.

n.d: not determined. Except where mentioned, all the results are from ref.
[57, 58].
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Figure 5 The density of states at the Fermi level vs. pressure in CeP.
The sharp discontinuous jump in the density of states is seen across the
isostructural phase transition [55].

Band structure calculations on cerium monopnictides
have been performed [55]. The interaction between the
f electrons and the conduction electrons varies with the
interactinide distance, and as a consequence, the cerium
monopnictides have peculiar properties as a function of
pressure. Particularly, it is worthwhile noting the study
of isostructural transition in CeP. It is reported that for
negative and moderate positive pressures, the density of
states is essentially zero, reflecting the semiconducting or
semimetallic nature of CeP for these pressures. At the tran-
sition pressure, the density of states at the Fermi energy
reaches its maximum value, which then rapidly decays as
the lattice is further compressed. The calculation predicts
a metallic behaviour above 8 GPa (Fig. 5).
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TABLE V Praseodymium pnictides (stabilizing in NaCl- type), their
high pressure structures, transition pressures and bulk modulus

High pressure Transition Bulk modulus

Compound structure pressure (GPa) (GPa)
PrP Distorted 26 74 £2
CsCl,tet,P4/mmm
PrAs n.d 27 100 £ 7
PrSb n.d 13 44+ 5
PrBi Cubic+distorted 14 40+£5
CsCl+tet

n.d: not determined. All the results are from ref. [49].

Shirotani et al. [49], have recently reported high-
pressure structural studies on several cerium and
praseodymium monopnictides. Their results on CeP,
CeAs and CeSb reinforce earlier results on these com-
pounds. CeBi has been studied by Leger et al. [60]
and at high pressures both cubic and tetragonal forms
coexist in a wide pressure range. The transition pres-
sure is around 13 GPa and By = 50 = 1 GPa.
Shirotani et al. [49] also report phase transitions in the
PrX (X =P, As, Sb, and Bi) systems. Table V lists the re-
sults given in their report. It can be noted that the transition
pressures comes down as the atomic number of the pnic-
togen increases. Also, the bulk modulii decreases with the
exception of PrAs. In PrBi, a structural phase transition
was observed ~14 GPa. The structure of the high-pressure
phase was found to be tetragonal (distorted CsCl type

PrBi 18.5GPa observed
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Figure 6 The experimentally observed and simulated powder X-ray diffrac-
tion patterns of PrBi at 18.5 GPa [49].
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P4/mmm) coexisting with parent cubic structure (CsCl
type, Pm3m) up to 20 GPa (Fig. 6). Also, an intermediate
phase (structure not determined) appears around 4 GPa.
Fig. 7 shows bulk modulus versus cell volume of LnX(X =
Ce, Pr) compounds. The expected linear relationship be-
tween bulk modulus and volume is not obtained for Ce and
Pr monopnictides with the NaCl-type structure. It is con-
cluded that lanthanide monopnictides do not possess the
single ionic bonds like alkali halides. The anomalous be-
haviour in the relationship between bulk modulus and vol-
ume may arise from the covalent character of the bonds in
lanthanide pnictides. Srivastava et al. [61] have computed
the elastic constants, transition pressures of monochalco-
genides, and pnictides and found good agreement with
experiment. In Ce-monochalcogenides, the ionic bonding
is more pronounced than that in monopnictides.

The high-pressure behaviour of monochalcogenides of
Sm were studied by Le Bihan et al. [62] up to 55 GPa us-
ing energy dispersive X-ray diffraction technique and syn-
chrotron radiation. SmTe and SmSe show abnormal vol-
ume changes around 5 and 7 GPa respectively. SmS shows
a phase transition at low pressure (less than 1.8 GPa), re-
taining the same cubic structure, but undergoing consid-
erable volume collapse and a change of colour. SmS and
SmSe also exhibit a phase transition from NaCl to CsCl
type structure at high pressures (Table VI). It can be seen
from the table that the transition pressure decreases with
the increase in the atomic number of the chalcogen atom.

TABLE VI Samarium chalcogenides (stabilizing in NaCl-type), their
high pressure structures, transition pressures and bulk modulus wherever
available

High pressure Transition Bulk modulus
Compound structure pressure (GPa) (GPa)
SmS CsCl 42 89.8
SmSe CsCl 25 n.d
SmTe CsCl 12.9 n.d

n.d: not determined. All the results are from ref. [62].
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Europium monochalcogenides were studied three
decades back [63]. Recently, Singh et al. [64, 65] have
computed the band structure and structural stability of
EuS and EuTe. The calculated NaCl to CsCl transition
pressures are slightly lower than the experimental values.
Also, the calculated bulk modulii are almost twice that
of experimentally observed ones of the parent phase. The
calculations on EuS and EuSe indicate that there is es-
sentially no change in the electronic state of 4f electron
in the Eu ion [65, 66]. This points out to the fact that
valence state of the Eu ion does not change with pressure.
On EuTe, their results show that it is a stable magnetic
state and there is no magnetic transition. They also predict
fractional delocalization of the 4f states due to decrease
in AE,, the energy separation between the 4f states and
the conduction band edge.

TbN was studied up to 43 GPa by Jakobsen et al. [67]. It
was found to be stable up to the pressure examined and its
bulk modulus is given as 176 & 7 GPa. Their calculations
do not predict any phase change up to 250 GPa.

Interesting reports on the valence fluctuation be-
haviour of Tm monochalcogenides under high pres-
sure are available. Recently Ohashi et al. [68] and
earlier Tang et al. [69], Heathman et al. [70] have
studied TmX (X = Te, Se, S). Based on the X-ray
diffraction, magnetic susceptibility and resistivity, under
high pressure a unified magnetic phase diagram has been
obtained for all the Tm chalcogenides. However, no phase
transition or bulk modulus data is reported.

In addition to these, high-pressure studies on ferromag-
netic Kondo-lattice compounds CePd [71] and CeAg [72]
have been investigated up to 7 GPa and 16 GPa respec-
tively. These studies do not report any phase transitions
from their parent CsCl type structure.

Now, we look at actinide based AB type of f~-IMCs
which have been studied in the last one decade or so.
Earlier investigations are summarized in an exhaustive
review by Benedict and Holzapfel [32].

Calculations by Aynyas et al. [73] agree well with ear-
lier phase transition pressures for ThX (X = S, Se, Te)
compounds from B1 to B2 [32]. Their calculations also
predict that ThTe which crystallizes in the CsCl structure
does not show any structural transition up to ~48 GPa.

Recently, Nakashima et al. [74] have studied UN by
measuring electrical resistivity under pressure. They
report no phase change up to 8 GPa but a change in
electronic state from antiferromagnetic state to para-
magnetic one. Subsequently Le Bihan et al. [75] have
reported a transition from fcc to distorted rhombohedral
structure at 28 GPa. Later, at 34 GPa, a second face
centered rhombohedral structure appears which remains
stable up to 54 GPa. The important observation by
this group has been the presence of the low-pressure
rhombohedral phase even before application of pressure.
It is attributed to grinding during sample preparation.
Table VII lists summary of their results. Fig. 8 shows
the increase of the FWHM of the (111) peak, indicating
the rhombohedral distortion. The stability of the (200)

TABLE VII
modulus for UN

High pressure structures, transition pressures and bulk

Transition Bulk modulus
Structure pressure (GPa) (GPa)
Fce (STP) - 194 +2
Rhombohedral 1 (high pressure) 28 1576
Rhombohedral 2 (high pressure) 34 197 £2

All the results are from ref. [75].
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peak indicates the fcc structure still exists, showing
that reasonably good hydrostatic conditions have been
retained throughout the experimental study.

Braithwaite et al. [76] have studied the existing results
on pressure effects on magnetism in uranium and neptu-
nium monopnictides. Efforts were made to understand the
effects of pressure in terms of a single picture of contin-
uous variation of the lattice parameter. However, highly
anomalous effects were attributed to magnetic interactions
present in them.

Few band structure calculations on NpSe, NpTe, NpAs
[77, 78] are available. They report rather good agreement
with high-pressure X-ray diffraction experiments reported
earlier [32]. In these studies, it is seen that a simple model
considering effect of charge transfer due to f-d hybridiza-
tion is good in predicting the high-pressure behavior of
NpSe and NpTe compounds. Very recently, Srivastava
et al. [79] report the pressure induced phase transition
and elastic properties of PuX(X = S, Se, Te) and PuY
(Y= As, Sb, Bi). Their equation of state, phase transition
pressures and bulk modulii agree well with earlier exper-
imental findings [32]. The calculations also agree with
recent experiments on PuBi by Meresse et al. [80] where
a B1 to tetragonal transition at 10 GPa is reported. Above
42 GPa, there is a phase change to B2 structure. The bulk
modulus is reported to be ~61 GPa. Fig. 9 shows Bl to
tetragonal to B2 transition in PuBi with a volume collapse
of 12% across the B1 to tetragonal transition.

4.2. AB, type of ~IMCs

The AB, type of fIMCs with 1:2 atomic ratio
are more widely studied due to their large num-
ber and the database on their structural stability
maps is also exhaustive. Lindbaum et al. [81] have
studied the structural stability of LaCu, by high-
pressure X-ray diffraction. Among the RCu, series
(R =Y, La, Ce-Lu) only LaCu, does not show the or-
thorhombic CeCu,-type structure (Space group Imma) at
ambient pressure and temperature. It crystallizes in the
hexagonal AIB,-type structure (P6/mmm). It is reported
that a structural transition from AlB, to CeCu; type occurs
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Figure 10 X-ray diffraction patterns of LaCu; at different pressures. The
open and full triangles indicate the positions of the Bragg peaks for the
AlB; type and the CeCu; type structures respectively [81].

at 5.6 GPa (Fig. 10). Subsequently, there is no change in
structure up to 21.2 GPa. Also, due to the non-hydrostatic
conditions above about 5-7 GPa, caused by the freezing
of the pressure transmitting medium silicone oil, there is
an increasing line broadening, which is maintained after
pressure release. The equation of state is fitted between
0 GPa and 1.6 GPa and the bulk modulus of AIB, type
phase is ~73 GPa.

The dialuminides stabilizing in cubic MgCu, type
structure are found to be stable over a wide range of



pressures [44, 82]. Table VIII lists the bulk modulus, its
pressure derivative and maximum pressure up to which
studies for various rare earth dialuminides studied after
1993. High-pressure X-ray diffraction study of LaAl, sta-
bilising in cubic MgCu, type structure was studied up
to 35 GPa by Sekar et al. [83]. CeAl, and GdAl, have
been studied up to 23 GPa and 16 GPa respectively [84].
Both the systems are found stable in the cubic form up
to the pressures investigated and show anomalous com-
pressibility behaviour as a function of pressure. In the
case of GdAl,, the anomaly is quite subtle. The anomaly
in ceruim compound is quite pronounced between 2 and
6 GPa with no volume collapse (Fig. 11). This has been
a matter of controversy for more than a decade. The be-
lief that the anomaly is linked to the non-hydrostaticity is
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Figure 11 Experimental as well as computed lattice parameter versus
pressure for CeAl, (a) and GdAl, (b). The pronounced anomaly in the com-

pressibility of CeAl; is evident. The deviation from the normal behaviour
is attributed to changes in the electronic structure [84].
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TABLE VIII Lanthanide dialuminides (stabilizing in MgCu, type),
maximum pressures up to which studied and bulk modulus

Maximum pressure

Compound (GPa) Bulk modulus (GPa)
LaAl, 35 118 £ 9 [83]

CeAly 23 234 + 45 [84]
GdAl 16 69 + 5 [84]

EuAl, 41 53.8 + 1.8 [85]

not so convincing as similar effects are not seen in other
isostructural compounds. In order to investigate the pos-
sibility of occurrence of electronic topological transition
(ETT), the energy bands were calculated as a function
of pressure in the range between 0.90 and 0.85 V| for
CeAl,. The band dispersion curves for three compressions
namely, 0.90, 0.875 and 0.85 V; are shown in Fig. 12. At
0.90 Vy (top curve) the ‘d’ like band along the symmetry
direction L-I" and the ‘f’ like band along the symmetry di-
rection K-I" just touch the Fermi level. At a compression
of 0.875 Vi (middle curve), the ‘d’ like band along L-I"
and the ‘f" like band along K-I" move up and cross the
Fermi level, thus causing a marked change in the topology
of the Fermi surface. Upon further compression of 0.85
Vo (bottom curve), these two bands along L-I" and K-TI"
move further away from the Fermi level which results in
a significant decrease in the density of states (DOS). This
change in the Fermi surface topology is reflected in the
computed lattice parameter versus pressure curves (Fig.
11). Thus, it can be concluded that the electronic transi-
tion seen experimentally in this pressure range could be
the cause for the anomaly seen in the compression curve.
However, it is to be noted that the computed compressibil-
ity curve does not reproduce the steep decrease in volume
as observed experimentally. This could be due to the fact
that the e-e correlations have not been taken into account
in the calculations which is expected to have pronounced
effect on the compressibility. Fig. 13 gives the variation
of the total density of states as a function of pressure for
CeAl,. As the compression increases DOS falls continu-
ously up to 0.75 Vj (20 GPa). At a compression of 0.70
Vo (25 GPa) there is a small jump in the DOS. This jump
is due to the fact that an ‘fd’ like hybridized band at X
point drops down with respect to the Fermi level. It is
noticed that the bulk modulus increases up to 0.75 V and
then begins to decrease. This may be an indication of a
possible phase transition.

Among rare earth digallides, many systems have been
recently studied by Schwarz et al. [§6-89] and Chan-
dra Shekar et al. [90]. Studies show that several of these
compounds viz., CeGa,, GdGa, and HoGa, show a tran-
sition from the parent AIB, type to another AlB, type
with lower c/a ratio at ~16 GPa, 4 GPa and 7.7 GPa re-
spectively. The high pressure X-ray diffraction pattern at
0.1 MPa and 24 GPa for CeGa, is given in Fig. 14. Table
IX lists the high-pressure structures, transition pressures,
and bulk modulus of the compounds studied. It can be
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seen that the transition pressure decreases with increasing
atomic number and the bulk modulii increases with in-
creasing atomic number for AlB, type compounds. There
are indeed references to two groups of AlB, type struc-
tures in the literature. Villars [36] has noted that the co-
ordination polyhedron varies strongly with the c/a ratio
and has categorized the AlB, phases into two different
types, the first one called kz/, with c¢/a = 0.95-1.27 and
the other nu2 with c¢/a = 0.59-0.88. For nu2 type struc-
tures the coordination number is 11 whereas kz/ has 9 and
this is logical because higher coordination is generally ex-
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TABLE IX Lanthanide digallides, their high pressure structures, tran-
sition pressures and bulk modulus

High Transition Bulk

STP pressure pressure modulus
Compound  structure structure (GPa) (GPa)
CeGay AlBs(hex.)  AlBp(hex.) 16 72 [90]
GdGay AlBj(hex.)  AlBa(hex.) 7.7 73,70 [86]
HoGa, AlBs(hex.)  AlBp(hex.) 4 99, 103 [88]
TmGa, KHg(ortho.) AlBj(hex.) 21 95 [89]
YbGay Calnp(hex.) UHgz() 22 20 [87]

It may be noted that the c/a ratio for the hexagonal AlB, type structure at
STP have values ranging from 0.95—1.27, whereas that for the high pressure
AlB; type structure, the values range from 0.59-0.88.

pected under pressure. Also, the degree of difference in
c/a ratio is so large that the second group with lower c/a
ratio is given a separate identity [36]. It can be said here
that the hp-phase of CeGa,, HoGa,; and GdGa; observed
experimentally belong to the second group of AlB, type.

The features of the high-pressure phase observed in
digallides of Ce, Ho and Gd have similarities with the w-
phase observed in alloys of group IV transition elements,
Ti, Zr and Hf with other d-rich transition elements [91].
However, it is to be noted that the ideal w-phase is to be
distinguished from AIB,; type by c/a ratio (~1 for AlB,
and 0.6 for w) [92]. The omega phase can exist in two
variants: hexagonal and trigonal. The ideal hexagonal w-
phase, has, c¢/a = 0.612, space group P6/mmm (No. 191)
and equivalent positions: A = 0,0,0; and B = 2/3, 1/3,
1/2; 1/3, 2/3, 1/2 [91]. Whereas the trigonal w-phase has,
space group P-3m1 (No.164) and equivalent positions: A
= 0,0,0 and B = 2/3, 1/3, 1/2+z; 2/3, 1/3, 1/2—z, with
0 < z < 0.167. When z = 0, the structure becomes ideal
hexagonal w-phase. When z # 0, the B-B distance (in
this case Ga-Ga distance) increases, generating negative
pressure in the graphite like net (in AlB, like structure).

" CeAl,
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Figure 13 The variation of the total density of states with increased applied
pressure for CeAl, [84].
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Figure 14 The high pressure X-ray diffraction patterns of CeGa; at 0.1 MPa
and 24 GPa. The 24 GPa pattern reveals the coexistence of the parent and
the daughter phases. G* denotes the stainless steel gasket peak. The arrows
indicate the new peaks appearing at high pressures [90].

Hence, it is expected that at high enough pressures, trigo-
nal w-phase will transform to ideal hexagonal w-phase. In
digallides like CeGa,, we expect the transition sequence to
be like: A1B, (parent, kz/ type) — hp-phase (nuZ2 type) —
possibly- nu2, with ¢ / a~0.6. Also, the pressure induced
transitions to the w-phase are sluggish and wide two phase
regimes under pressure are seen in several transition metal
alloys [91]. The w-phase in transition metals is known to
be brittle and hence a disadvantage for mechanical ap-
plications. Coincidentally, the hp-phase of CeGa; is less
compressible. A similar high-pressure behaviour is seen
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Figure 15 Lattice parameters of GdGa; at different pressures up to 20 GPa.
The filled symbols refer to increasing pressures and open symbols to de-
creasing pressures. A discontinuous change in both lattice parameters @ and
¢ is seen across the phase transition [86].

d, (Ga-Ga)

Figure 16 The AlB; type crystal structure of GdGa;. Gallium in the
graphite like layers is coordinated by three atoms of the same type (trigonal
planar coordination). The eclipsed arrangement of three 6> nets results in
the formation of hexagonal prisms, which are centered by Gd atoms [86].

in HoGa; and GdGay,, although the pressure range of co-
existence of the two phases is much lower i.e., 4-8 GPa
and 7.7-14.8 GPa respectively [86—88]. Fig. 15 shows the
lattice parameters of GdGa, up to 20 GPa. The c-axis de-
creases by 8% whereas the aq-axis expands by 2.5%. The
¢/a ratio reduces from 0.945 at 7.7 GPa to 0.846 at 9 GPa.
Fig. 16 shows the intralayer distance d;(Ga-Ga) and inter-
layer distance d>(Ga-Ga) in GdGay,, a typical AlB; struc-
ture type digallide. It is probable that the lower transition
pressures in HoGa; and GdGa, may be due to the fact that
the intralayer distances Ga-Ga of 2.416 A and 2.442 A,
respectively, are smaller than 2.484 of CeGa, [86—88].

Band structure calculations on GdGa, reveal that the
structural transformation is associated with changes of
the absolute values of the valence electron density, but
the spatial arrangement (topology) of the saddle points
remain unchanged [86]. Band structure calculations on
CeGa, almost correctly predict the structural transition
pressure ~30.6 GPa. The calculations also reveal a pos-
sible mechanism of phase transition due to f to d transfer
of electrons under pressure. Fig. 17 shows that the total
energy of the two phases differ by a small magnitude and
hence the experimentally observed coexistence of the two
phases is logical [93].

Pressure induced transition in RNi, compounds were
reported by the same group of Lindbaum et al. [94]. Table
X lists the summary of their results. These compounds
crystallize in a superstructure of C15 cubic Laves phase
structure with ordered vacancies at R sites and with dou-
bled lattice parameters. An interesting property of the
RNi, superstructure is a reversible temperature induced
transition from ordered to disordered vacancies at high
temperatures [95]. The reported high pressure study on
RNi, compounds show that this observed reversible struc-
tural transition from the C15 superstructure to a structure
with C15 symmetry at high temperature can also be in-
duced by high pressure (i.e.) the ordered vacancies at the
R sites also become disordered (statistically distributed
overall R sites) when high pressure is applied [95].
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Figure 17 The total energy vs. reduced volume V/Vg for both the parent and the high pressure phases of CeGa, [93].

High-pressure studies on GdMn, [96] have shown that
it retains its C15 structure up to 20 GPa. The com-
pound shows two regions of different compressibilities
below and above ~4.8 GPa. The over all bulk modu-
lus is given as 12.1 GPa (0-20 GPa). CeRu, has been
studied by Hedo et al. up to 15 GPa [97]. A structural
transition is observed above 9 GPa. However,
the high-pressure phase has not been identified yet. The
bulk modulus is given as ~238 GPa.

Gleissner [82] has extensively studied the dialuminides
of Eu. Although his main thesis is on Mossbauer investiga-
tions, he has compiled and reported the compressibilities
of La, Ce, Pr, Eu, Dy, Er and Yb compounds.

Among the AB, type actinide systems, the crystal struc-
ture of ThS,, ThSe, and US, were investigated by Ger-
ward et al. [98] up to 60 GPa using X-ray powder diffrac-
tion. Table XI gives the summary of their results. In all the
three compounds, a phase transition from orthorhombic
PbCl, type to monoclinic structure is seen.

Among the actinide dialuminides, ThAl, and UAl,
have been studied in recent years [99—104]. ThAl, ex-
ists in the hexagonal AIB, type structure. High-pressure

TABLE X RNiy compounds, their high pressure structures, transition
pressures and bulk modulus wherever available

High Transition Bulk
STP pressure pressure modulus
Compound structure structure (GPa) (GPa)
SmNi, C15 super-  C15 9+1.5 n.d
structure
GdNiy C15 super- C15 95+1.0 n.d
structure
TbNiy C15 super- C15 8+2 103+ 3
structure

n.d: not determined [94].
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TABLE XI Thand U chalcogenides, their transition pressures and bulk
modulii [98]

Bulk modulus
Compound Transition Pressure (GPa)  (GPa)
ThS, 40 175+ 5
ThSe; 30 155+5
Us, 10-15 155 +£20

X-ray diffraction experiments on ThAl, were done up to
~30 GPa. It was found that ThAl, retained its AlIB, type
structure up to a maximum pressure of 12 GPa, where it
undergoes a reversible structural transition. Also, it was
observed that an isostructural transition, possibly of elec-
tronic origin, occurs at around 5.5 GPa (Fig. 18). The vol-
ume change across the isostructural transition is about 2%.
The P-V data of ThAl, was fitted to the Birch-Murnaghan
EOS to obtain the bulk modulus B,. The value of B,

1 o T T L
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oszk ]
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Figure 18 P-V data for ThAl, prior to the structural transitions. The con-
tinuous line is a guide to the eye only. The error bar indicated gives the
possible inaccuracies involved in the measurement [99].
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Figure 19 The high pressure X-ray diffraction patterns of ThAl, at 2, 6,
18 and 25 GPa. The pattern at 6 GPa clearly shows that there is no change
in the structure above the isostructural transition at 5.5 GPa. The pattern at
18 GPa shows the orthorhombic phase and that at 25 GPa the tetragonal
phase [100].

obtained in this study is 71 = 14 GPa up to 5.5 GPa.
When the P-V data from 5.5 to 12 GPa were fitted, the
value of B, obtained was 108 £ 13 GPa. Fig. 19 shows
the HPXRD spectra of ThAl, for AlB, (Hexagonal) phase
at 2 GPa, the isostructural phase at 6.0 GPa, and for the
high-pressure phases at 18 and 25 GPa, respectively. The
high-pressure phase could be identified as orthorhombic
ZrSi; type. The orthorhombic phase remained stable up
to 22 GPa. Under further compression, the system goes
over to a tetragonal lattice.

The observed structural sequence in ThAl,: AlB, —
ZrSi; — ThSi, can be visualised geometrically as shown
in Fig. 20. The observed lattice parameters are also con-
sistent with this picture. This structural sequence can be
rationalized by considering a reported structural stability
map [105, 106] with respect to N, the number of band
electrons for the AB; type compounds as shown in Fig.
21. According to this map, the structural sequence starting
with the AlB, type structure is: AlB, — ThSi, — ZrSij,
which is different from the observed sequence. This dis-
crepancy can be explained by considering the interaction
of the two types of non-interconnected network of bonded
atoms, namely the square lattice and the zigzag chain of
atoms found in the ZrSi, type structure [106]. It is seen
that the ZrSi, type structure is more stable compared to
the ThSi, type, if the interaction between these two layers
is ignored. In ThAl, the observation of the ZrSi, type
structure preceding the ThSi, type structure could be due
to a weak interaction of these two network of atoms, as
their separation is quite large (2.625 A). But under pres-
sure, the distance between the two networks decreases
resulting in an enhanced interaction. The ZrSi, structure
no more remains stable and transforms to the ThSi, type
structure.

O/
e B

O ™

e S

Figure 20 The structural sequence followed by ThAl, as function of pres-
sure. The diagram shows the geometric evolution of various structures:
AlB;(h) — ZrSiz(0) — ThSiy(t). The large circles are Al and the small
circles Th. Open circles are at the origin and closed circles at one half per-
pendicular to the plane of paper. The AIB, type structure is projected on
(0001), ZrSiz on (100) and ThSi; on (010). The ZrSiy type structure can
be regarded as AlB; type in which one half of the AlB, wall has collapsed
and additional Si in tetrahedron between AlB; like walls (Al in the case of
ThAl,). The ThSi, type of structure is also composed of AlB,-type walls.
But the structure is obtained by a screw operation, namely translation plus
rotation [100].

It can be noted from Fig. 21 that, at the beginning
of the structural sequence, the distinction between the
MgCu,, MgNi, (or MgZn,) type have not been taken into
account. Hence in Fig. 21 the MgCuj, type structure should
be denoted as “Laves Phase” to include the other two
Laves phase structures also. In this situation, the structural
sequence observed in UAI, and ThAl, seem to be forming
part of a greater structural sequence:
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Figure 21 A comparison of the theoretical and experimental ranges of
stability with respect to the band filling number N of ten AB; type structures
[105].

It is interesting to note that TmGa; shows a transition
from CeCu,; — AlB; [89] at 21 GPa, further strengthening
the sequence presented in Fig. 21. It is hoped that at higher
pressures, TmGa; may show transition to ZrSi; or ThSi,
type structures.

Among the dialuminides, UAl, exists in the cubic
MgCu, type structure. Experiments confirmed a re-

versible structural phase transition at around ~11 GPa.
Fig. 22 shows a typical raw diffraction spectra of the par-
ent cubic phase at 1 GPa and the high pressure phase
at 25 GPa [44]. The high-pressure phase was found to
be hexagonal, MgNi, type structure with s.g. P63/mmc
Z=23).

It has been found that almost all the known dialuminides
of rare earths and actinides (except for ThAl,) have the
Laves phase cubic (C15) MgCu, type structures with s.g.
Fd3m [107, 108]. Apart from the dialuminides, other AB,
type (A: rare earths, B = Ru, Os, Fe, Co, Ni, etc.) also
have this structure [109]. The Laves phases are a set of
three related complex structures which occur frequently in
AB; type binary compounds and are isomorphs of MgZn;,
(C14,Z = 4), MgCu,(C15, Z = 8) and MgNi, (C36,Z =
8) type structures with similar atomic densities [92, 109—
111]. The first and the third structure types are hexagonal
with the same space group P63;/mmc, but with different
c/a ratios.

The general opinion is that the geometrical factor, viz.,
the ratio of atomic radii Ra/Rg, plays an important role in
the existence of the alloys of the Laves phase type [109—
111]. Empirical correlations point out that both the cu-
bic (MgCu;) and hexagonal (MgZn, and MgNi,) phases
should exist at R/Rg ~ 1.225. However, in reality, these
structures have been found for radii ratios in the range
1.1-1.7. From electronic structure considerations, it has
been found that the MgCu, type structure is stabilised at
the free electron concentrations, i.e., the number of free
electrons per atom ratio e/a < 1.8 and > 2.3 [112-114].
For intermediate concentrations, i.e., 1.8 < e/a < 2.3,
both MgZn, and MgNi, structures exist. The interaction
between the Fermi surface and the Brillouin zone is con-
sidered to be the reason behind the above trend [109]. As
the number of free electrons increases, the Fermi surface

< )
g c e
&
8
Hexagonal A

(MgNiz type)

(111)
z (102

(220)
@1)

Intensity (Arb. Units)

?ubic
MgCu;, type) !

0 4 8

(202)(107)

®
g e e
3: : s SUA’Z
s |Is &5
g Eéﬁ‘gé -
$ §¢ &
=1k ol g 25 GPa
eh-
JH
= |8 2
8 $

12 16
Theta (Deg.)

Figure 22 High pressure X-ray diffraction patterns of UAl, at 1 GPa and 25 GPa. The high pressure phase is indexed to the MgNi, type structure [44].
Here, the small peak at 8 degree is due to the zirconium shim used for mounting the diamonds on the tungsten carbide rockers.
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Figure 23 Experimental P-V curve of ThGa, together with a curve fitted
to the Birch-Murnaghan equation of state [117].

expands. But when the Fermi surface is on the verge of
crossing the Brillouin zone, the system undergoes a phase
transition as it is energetically more favourable. The con-
nection between free electron concentration and crystal
structure is clearly seen [109] in pseudobinary alloys of
type A(B;_C,), with A = rare earth, B = Al, C = Fe,
Co, Ni, etc. The structure is found to change from MgCu,
type to MgZn, and back to MgCu, when the concentra-
tion of Al increases, or in other words, on increasing the
free electron concentration from 1 to 3 per atom.

In UAL,, the e/aratio is ~1.66 [114], which corresponds
to the region of stability of MgCu, type structure. In the
f-electron systems under pressure, increased delocaliza-
tion of the f-electron states leads to an increase in the
e/a ratio as well as a decrease in the R5/Rp ratio due to
the contraction of the f electron orbitals of the A atom.
Hence in UAl,, the transition from MgCu, to MgNi, type
structure can be understood as due to the increase in the
e/a ratio into a region > 1.8 where the MgZn, or MgNi,
structure are stable. At further higher pressure, it may
even transform back to the MgCu, type structure when
its e/a ratio exceeds 2.3. The negligible volume change
across the transition in UAl, also follows from the almost
similar atomic densities of the two structures.

Some of the rare-earth-Os, intermetallics like LaOs,,
CeOs; and PrOs; have also been found to undergo the
structural transitions of the type MgCu, to MgZn, under
pressure [115]. In these systems, the e/a ratios are in
the range 1.60—1.68 [114] corresponding to the region of
stability of MgCu, type structure at STP.

Thus it appears that the structural sequence:

MgCu, — MgZn, (or MgNi,) — MgCu,

is the natural outcome of the increased delocalization of
the f electron states under pressure. This structural se-
quence can also be expected in other actinide and rare
earth based AB, type Laves phases with their e/a ratios
<1.8.

High-pressure resistivity studies on ThAl, and UAl,
were carried out up to 8 GPa and 11 GPa respectively
[116]. ThAI, shows a rapid drop in resistivity up to about
0.1 GPa and thereafter decreases slowly without any indi-
cation of the isostructural transition observed earlier [99,
100]. However, UAI, shows a drop in resistivity around
9 GPa corresponding to the structural transition observed
in high pressure X-ray diffraction experiment [102].

Digallides of U and Th were studied by our group [117—
119]. The structural stability of ThGa, under high pressure
has been investigated up to 62 GPa by performing X-ray
powder diffraction in a diamond anvil cell. ThGa, exhibits
a tetragonal ThSi, type structure at NTP. At ~0.2 GPa
the unit cell volume drops significantly (4%) without any
change in the structure. The tetragonal structure remains
stable up to as high as 62 GPa. Fig. 23 shows P-V curve
of ThGa; up to 62 GPa. The bulk modulus is found to be
~169 GPa. The electronic band structure of the compound
has been computed in order to find out possible reasons for
the structural stability of ThGa,. The calculations indicate
that the band movement as a function of compression is
very small and slow. This means that the electron transfer
among various bands is very less. Also, the Fermi level
lies in the pseudo gap at V/Vy = 1.0. This does not change
even after a compression to V/Vy = 0.75 as shown in Fig.
24. This clearly shows that ThGay; is very stable and it may
not undergo any structural phase transition, confirming the
experimentally observed behaviour.

High-pressure X-ray diffraction was performed on
UGa; up to 20 GPa using a diamond anvil cell [119]. UGa,
exhibits AlB, type structure with space group P6/mmm at
STP. At about 16 GPa, a reversible structural transforma-
tion to a tetragonal phase is observed. Bulk modulus of
the AIB, phase has been determined to be about 100 GPa,
which is comparable to rare earth digallides like TmGa,
and HoGaj,.

Recent experiments on UMn, [120] have revealed that
the parent cubic Laves phase distorts at pressures above
~3 GPa, to orthorhombic structure. The compound gives
normal compression curve with bulk modulus 149 =+
7 GPa. This value is different from earlier values quoted
by Itie ef al. [121]. UGe; is interesting because of ex-
istence of superconductivity in the ferromagnetic phase
at high pressure. Its bulk modulus is reported as 83 GPa
[122].

4.3. ABj3 type of ~IMCs

Unlike AB and AB,, the number of known compounds
of the ABj are smaller and only a few measurements are
reported in the literature.

UX3 (X = Al, Ga, In, Ge and Sn) were studied and
found to show anomalies in the compressibility curves
[123, 124]. There is some controversy in explaining the
origin of these anomalies. Experiments on UGas_ using
fluid argon as pressure transmitting liquid does not show
the anomaly which appears when either silicone oil or
methanol-ethanol-water mixture is used (Fig. 25).
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Figure 24 The density of states curves for ThGa, at the different compressions of V/Vo = 1.0 and V/Vg = 0.75. The Fermi level lying in the pseudo gap
does not move out even at higher compressions, indicating very negligible changes in the electronic structure under compression [118].

Figure 25 Relative volume V/V vs. pressure for UGaz for various pressure transmitting fluids: (a) silicone oil, (b) methanol-ethanol-water mixture and (c)

liquid argon [124].
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Figure 26 PV data for UAl3, the error bar gives the possible inaccuracies
involved in the measurements [123].

Fig. 26 gives pressure versus volume data for UAl;.
P-V curve shows change in slope at about 5 and 10 GPa.
Fig. 27 gives the total density of states for UAl; at atmo-
sphere and at two other pressures. The f-electron states
extend up to about 1.19 eV below the Fermi level, which
is indication of localized state of f-electrons. Upon further
compression transfer of electrons from 5f to 6d states at U
site was observed. The d like electron concentration at U
site increases at the expense of f like electrons. However,
the calculations were unable to reproduce the changes in
the slope of the observed compression curve.

Several Np compounds viz., NpX3 (X = Al, Si, Ga,
Ge, In, Sn), have been studied under high pressure up to
50 GPa [125-127]. All of them stabilize in AuCus type
of crystal structure and do not show any structural phase
transition. Table XII. lists results of above investigations.
The pressure volume curves show a discontinuity starting
from 8 to 10 GPa which varies in intensity from one
compound to another (Fig. 28). This anomaly has been
observed in UX3 compounds also.

The bulk modulus of UPdj; is reported in [128] as
175 GPa. The high pressure X-ray diffraction work does
not report any phase transition up to 53 GPa from its
parent hexagonal structure (TiNis type).

TABLE XII Neptunium compounds and bulk modulus [125-127]
Compound Bulk modulus (GPa)
NpAlz 73+7

NpGas 96 £+ 8

Npln3 73+2

NpGes 104 £ 10

NpSn3 60+3
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Figure 27 The total density of states as a function of pressure for UAl3
computed at various volume compressions [123].

5. Concluding remarks

The studies of pressure induced structural transforma-
tions on the f-electron based intermetallics has not only
produced several interesting results, but also have led to
several open questions. Some of these are discussed in the
following.

Tables XIII-XV list the structure types for AB, AB, and
ABj; type of IMCs. Here essentially the data has been ex-
tracted from Villars et al. [36]. About 1216 representatives
of AB type and 1316 of AB, type and 765 of ABj types
are considered to arrive at the list given in the tables. Such
a list combined with either 2D and 3D structural stability
maps go a long way accurately predicting the possible
structure types under higher pressures. If the parameters
of three dimensional structure maps are perfect and suf-
ficient, one would end up with closed domains for each
structure type, overlapping where dimorphic compounds
occur. On varying pressure or electron concentration, one
should move into a neighbouring structure domain. In
practice, this methodology has helped in looking for pos-
sible structure types for identifying high-pressure phases.

The majority of AB type of compounds show a
transition from NaCl to CsCl type structure. It is
clear from Table XIV that it is indeed the most pre-
ferred structure among AB type of compounds. But
several of these compounds show cubic to tetragonal
or orthorhombic phases before ultimately stabilizing
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Figure 28 Pressure dependence of the relative volume of the NpX3 compounds [125].

in CsCl (cP2) structure. Clues to the kind of tetrag-
onal or orthorhombic phases can be obtained from
Table XIV.

Figure 29 depicts our attempts to systematize the struc-
tural data available for AB,-type intermetallic compounds
of lanthanide and actinide. Among the 365 compounds
existing in the phase diagram database, about 200 com-
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pounds stabilize in cubic MgCu, Laves phase. This also
means that the Laves phase is stable for a wide range of
band electrons. This has been a guiding factor in look-
ing for possible high-pressure structures. Is it that, once
a system is in Laves phase, its stability regime under
pressure is extended? This is indicated by structural in-
vestigations on many MgCu,-type compounds that stay



TABLE XIII Structures adopted by AB type of IMCs [36]

TABLE XIV Structures adopted by AB, type of IMCs [36]

No. of

Coordination No  Structure type Pearson symbol  representatives

No. of

Coordination No  Structure type Pearson symbol  representatives

6 NaCl cF8 300
14 CsCl cP2 281
9 BCr oC8 116
12 AuCu tP4 73
9 BFe oP8 70
6 AsNi hP4 62
12 CrFe tP30 45
4 ZnS cF8 41
8 MnP oP8 31
4 ZnS hP4 28
13 FeSi cP8 25
14 CwW hP2 14
12 AuCd oP4 12
14 CuTi tP4 12
14 NaTl cF16 12
10 AlDy oP16 12
6 GeS oP8 10
6 AsNi hP4 9
6 AsTi hP8 8
11 NaPb tI64 8
12 HgNa oC16 8
2 NaP oP16 7
14 HgMn tP2 6
7 GeK cP64 6
4 OPb tP4 5
6 CoSn hP6 5
6 AsNb tI8 4
4 SeTl tI12 3
4 PtS tP4 2
12 Hgln hR2 1
1216

in this phase even up to fairly high pressures. LnAl, lan-
thanides are typical examples that remain in cubic phase
under pressure. Incidentally, our investigation on UAl,
also strengthens this point of view [44]. UAl,; remains in
MgCu; phase up to about 11 GPa, where it transforms
to MgNi, structure, again a Laves phase. Thereafter, it
remains stable in MgNi, structure up to 50 GPa. It is
strongly felt that studies in this direction in the form of
high-pressure experiments and calculations on intermetal-
lic compounds exhibiting either AlB,-type structure or
MgCu,-type structure may reveal the structural sequence
and the role of the valence electrons in stabilizing these
structures. The structural transition in UAl, and ThAl,
established an interesting structural sequence as a func-
tion of band filling number N. More such systems should
be studied to establish the details of this structural se-
quence. Also, these systems should be investigated at fur-
ther higher pressures using synchrotron radiation sources
to establish and extend the structural sequence.
High-pressure structural studies on rare-earth digallides
have lead to more interesting results. Several of these
systems go over from their parent hexagonal AlB, type
system to another AlB, type hexagonal structure with
much lower c/a. Interestingly, the new AIB, phase with
lower c/a (marked as AlB,x* in Fig. 29) is indeed predicted
as one of the possible structures at higher pressures as

12 CuyMg cF24 216
12 MgZn, hP12 130
10 Co,Si oP12 95
9 AlB, hP3 91
8 CaF; cF12 81
14 MoSi, tI6 67
10 CeCuy oll2 61
9 Cu,Sb tP6 58
10 Al;Cu 12 53
4 FeS; cP12 51
11 InNiy hP6 40
3 CdI, hP3 31
9 ThSi, tI12 31
6 C,Ca tI6 28
12 NiTiy cF96 22
11 Cd,Ce hP3 21
11 AlBy* hP3 21
4 FeS, oP6 20
3 O, Ti tP6 18
12 MgNi, hP24 18
8 ZrSiy oC12 18
9 Fe,P hP9 17
5 La,Sb tI12 15
10 Calny hP6 12
6 NbSby mC12 10
3 MoS, hP6 9
4 CoSby mP12 9
6 SmSb; 0C24 9
12 MoPt, ol6 8
12 HfGa, t124 8
14 CrSiy hP9 8
3 0O,Pb oP12 7
10 CuMg, oF48 7
6 NdAs, mP12 6
14 Siy Ti oF24 5
3 MoS,; hR3 5
6 CFey oP6 5
7 B,W hP12 5
1316

discussed earlier. Also, the high pressure AIB, structure
seems to be the analogue of omega phase seen in transition
metals.

Interesting isostructural transitions were observed in
CeP, ThAl,, CeAl, and several ABj type of f~IMCs (as
discussed in previous sections of this review). Studies with
a purely hydrostatic medium like helium etc., have indeed
proved some of them to be an artifact of non-hydrostaticity
in the sample chamber. However, it is still puzzling as to
why such anomalies do not appear consistently in all the
materials. Hence, investigating band electronic structure
at higher compressions may give a better understanding.
For example, electronic structure calculation on CeAl,
point to a Lifshitz type of transition [84]. Electronic struc-
ture calculations on several CeX3(X = Sn, In, Pd) revealed
several interesting possibilities like large enhancement of
thermoelectric power due to electronic topological tran-
sitions [22]. Similar calculations should be extended to
ThAl, and CeP also. Low temperature specific heat and
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TABLE XV Structures adopted by AB3 type of IMCs [36]

No. of

Coordination No  Structure type Pearson symbol  representatives
12 AuCus cP4 260
8 CFe3 oP16 91
12 Cr3Si cP8 71
12 NizSn hP8 68
12 BesNb hR12 44
9 AsNaj hP8 26
12 TiCus oP8 25
12 TiAl; tI8 21
9 PTi3 tP32 19
12 Ni3Ti hP16 15
5 NdTes oCl16 13
9 NizP tI32 13
14 BiF3; cFl16 12
10 YZn3 oP16 12
3 S3Ti mP8 11
4 CoAss3 cl32 10
10 CoGa3 tP16 10
12 CeNi3 hP24 9
12 ZrAlz tl6 7
3 HoD3 hP24 6
8 BRe3 oCl16 6
10 BaPbs hR12 6
5 BaP3 mC16 5
12 AlzHo hR20 5
765

250

g AB,Type
g (A= Lanthanide or actinide element and B= Metal)

Number of Compounds

Figure 29 The bar chart shows the number of compounds adapting differ-
ent structures types among the AB, type of f-electron based intermetallic
compounds (o-orthorhombic, t-tetragonal, h-hexagonal, c-cubic) [100].

magnetic susceptibility measurements should be taken up
to understand these systems better.
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