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Abstract. The rare-earth and actinide based compounds are endowed with several exotic physi-
cal and chemical properties due to the presence off -electrons. These properties exhibit interesting
changes under the action of various thermodynamic fields and hence continues to be a subject of
extensive research. For instance, under pressure, the nature off -electrons can be changed from
localized to itinerant, leading to a variety of changes in their structural, physical and chemical prop-
erties. The present review on the high pressure phase transition behaviour of dialuminides of rare
earths and actinides is an outcome of research in our laboratory during the last five years using a
unique combination of a Guinier diffractometer and a diamond anvil cell built in-house. To bring out
the correlations between the compressibility and structural behaviour with the electronic structure,
we have also carried out electronic structure calculation. Further, the usefulness of Villars’ three
parameter structure maps in predicting pressure induced structural transitions has been explored and
this has been illustrated with the available phase transition data.
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1. Pressure in condensed matter physics

Pressure and temperature are two important thermodynamic variables to study condensed
matter. Compared to temperature, pressure induces more pronounced changes in their
physical and chemical properties [1]. The effect of pressure on materials can broadly be
classified into two categories, namely, the lattice compression 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 stabi-
lizing compact structures characterized 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 band widths, the extent of hybridization of the outer electronic
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Figure 1. Schematic of the electronic energy band versus interatomic distance. Broad-
ening and shifting of various bands with respect to the Fermi energyEF can be noticed.
In the figure,p ands denote the electron state and� is the hopping energy.

orbitals, shifting of energy bands as well as the Fermi energy (EF) (figure 1). All these
electronic effects lead to interesting changes in their physical and chemical properties [2,3].
For instance, closing of energy gaps lead to metal–insulator transitions [4], shift in energy
bands lead to interband electron and valence transitions [5], change in the topology of
the Fermi surface lead to Lifshitz type transitions [6] and so forth. As a consequence,
these effects are reflected well in their physical properties such as electronic specific heat,
superconductivity and magnetism.

2. Pressure induced behaviour off -electron based systems: Background and motiva-
tions

Pressure plays a significant role in studying the nature off -electron based lanthanide (4f )
and actinide (5f ) systems. It may be recalled that at STP in the lanthanide elements, the
4f states are localized and magnetic, whereas in actinides the5f states exhibit dual nature
[2,7]. That is, in early actinides, (up to Pu), the5f states are itinerant and non-magnetic
whereas in late actinides (Am and above), the5f states are lanthanide-like, viz., local-
ized. Most of their physical properties are governed by the nature of theirf -electron states
[7,8]. For instance, the systems with itinerantf -electron states exhibit complex anisotropic
physical properties, higher bulk modulus and stabilize in low symmetry crystal structures.
On the other hand, localizedf -electron based systems exhibit local magnetic moments,
low bulk modulus and adopt in high symmetry crystal structures. The itinerantf -electron
based systems show higher bulk modulus as thef -electron states participate in bonding and
strengthen the lattice. As the nature off -electron states depend on thef -orbital overlaps,
these can be tuned in a controlled manner by changing the interatomic distances [7] by
applying external pressure. This influences the physical properties of thef -electron based
systems and studies on pressure effects in these systems appears to be quite exciting [9].
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Since the electronic structure determines the ground state atomic arrangements [7], studies
on crystal structures provide valuable information on the underlying electronic structure. A
systematic study of the pressure induced structural sequences has become very important
in probing their electronic structure, in understanding the transition mechanisms and in
predicting phase transitions [2,3]. However, the radioactivity of the actinide systems puts
severe restrictions in handling and investigating their properties. Laboratories equipped
with glove boxes for handling radioactive materials are required for preparing the actinide
samples and loading it in a high pressure cell.

The pressure induced structural studies on almost all the availablef -electron elements
have been carried out and their observed systematic behaviour has been understood with
respect to the nature and occupations of thef -electron states [2,10]. However, as far as
their compounds are concerned, very little progress has been made [3]. The only group of
compounds which have been studied to some extent leading to certain structural systemat-
ics is the AB type. They transform from B1 (NaCl type) to B2 (CsCl type) structures under
pressure [2]. Among the AB2 type compounds, some of the dioxides transform from the
C1 (CaF2 type) to the PbCl2 type structures under pressure [2]. However, no such system-
atic studies have been done on their AB2 type intermetallic compounds. Table 1 lists some
of the AB2 type intermetallics which have been studied under high pressure so far [11–18].
Out of the 12 systems studied, only 3 of them show structural transitions.

With this motivation, we have carried out the high pressure x-ray diffraction studies
on the AB2 type intermetallics of thef -electron systems, especially the dialuminides for
their structural investigations under pressure. Also, to understand the observed behaviour,
we have performed structural stability and electronic structure calculations using the tight
binding-linearized muffin tin orbital (TB-LMTO) method. The compressibility and struc-
tural systematics that have evolved have been highlighted and their correlation with the
electronic structure has been brought out. The usefulness of Villars’ three parameter struc-
ture stability maps [19] in predicting pressure induced phase transitions have been eluci-
dated. The review is mostly based on the work carried out in our laboratory and wherever
necessary, relevant work has been drawn from the literature.

Table 1. Isothermal bulk modulusB0 (GPa) and high pressure structures forf elec-
tron basedAB2 type intermetallic compounds as determined from high-pressure x-ray
diffraction (n.d.: not determined).

f electron Structure Pmax B0 High pressure structure. Refs
compd. type at NTP GPa GPa The transition pressures

are given in the bracket

ThAl2 AlB2 30 71 ZrSi2(12), ThSi2(22) [11]
UAl2 MgCu2 50 83 MgNi2(12) [12,13]
UMn2 MgCu2 42 320 – [14]
UFe2 MgCu2 48 239 – [14]
UCo2 MgCu2 35 217 – [14]
Ulr2 MgCu2 50 290 – [14]
CeAl2 MgCu2 23 234 – [15]
GdAl2 MgCu2 16 69 – [15]
LaAl2 MgCu2 15 n.d. – [16]
PrAl2 MgCu2 3.7 102 – [17]
YbAl2 MgCu2 3.5 79 – [17]
TmGa2 CeCu2 45 95 AlB2(21) [18]

Pramana – J. Phys.,Vol. 54, No. 5, May 2000 687



P Ch Sahu and N V Chandra Shekar

3. Experimental details

The dialuminides of La, Ce and Gd from the lanthanide group and that of Th and U from
the actinide group were prepared by arc-melting method and were characterized by x-ray
diffraction (XRD) using a high precision Guinier diffractometer [20,21]. All the samples
were found to be in single phase and the lattice parameters matched well with standard
values available in the respectivepowder diffraction filesprovided by the International
Centre for Diffraction Data.

High pressure x-ray diffraction (HPXRD) was carried out in the angle dispersive mode
by using a Mao–Bell type diamond anvil cell (DAC) and a Guinier diffractometer. The
schematic of the system is shown in figure 2. The DAC capable of generating pressure
up to� 50 GPa was developed in our Centre [21,22]. A mixture of methanol, ethanol
and water (MEW) in the ratio of 16 : 3 : 1, was used as the pressure transmitting medium.
Either the equation of state (EOS) of Ag [23] or the ruby fluorescence method [24] was
employed for determining the sample pressure. The incident Mo x-ray obtained from a
Rigaku 18 kW rotating anode x-ray generator, was monochromatized by a curved crystal
monochromator and an almost pureK�1 beam was impinged on the sample. A flat po-
sition sensitive detector (PSD) was used for detecting the diffracted x-rays. Apart from
the pureK�1 radiation which ensures clear XRD patterns with very good signal to noise
ratio, there are two more important added advantages with this system, namely, (i) due to
focussing of the diffracted beam, the photon flux on the detector gets enhanced by at least 2
orders in magnitude, and (ii) the spatial resolution is 2 times better compared to the Debye–
Scherrer geometry. As a result, it is possible to obtain high resolution synchrotron quality

Figure 2. Schematic of the angle dispersive x-ray diffraction setup in the Guinier ge-
ometry for performing high-pressure experiments using a DAC [20].
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HPXRD patterns within 30 min with this instrumentation. However, due to the use of a
flat PSD in the present set up, the overall resolution of the HPXRD data has been found
to be�d=d � 0:015� 0:005. This can further be improved by using a curved PSD. The
capability of this instrumentation can be judged from the fact that, in earlier synchrotron
based HPXRD experiments, UAl2 and BaFCl were observed to undergo structural phase
transitions, but the data quality were not good enough to characterize the structures of the
high pressure phases. Using our instrumentation, it was possible to identify the crystal
structures of the high pressure phases of both UAl2 and BaFCl [12,13,25].

4. f -electron based dialuminides: Present investigations

4.1The U–Al systems

There are three known intermetallics in this system viz., UAl2, UAl3 and UAl4. Although
our aim was to investigate UAl2, the other two systems were also taken up for the purpose
of comparing the nature of the5f states in the U–Al systems. UAl2 shows spin fluctuation
behavior [26] and has been studied extensively by various techniques. However, very
little information is available on the other two compounds. The low temperature specific
heat [27], magnetic susceptibility [28–30] and electrical resistivity studies [29,31] on UAl2

clearly indicate ferromagnetic type spin fluctuation behaviour.
Hill plots [32] played a key role in predicting the nature off -electrons in these sys-

tems. These plots are empirical in nature and divide thef -electron based compounds
into two groups: one with itinerantf -electrons and the other with localized on the basis
of their increasing interactinide ion distancesdAn. For uranium compounds, the transi-
tion zone is atdAn � 3:5 Å. UAl 2 has a cubic MgCu2 type structure (s.g. Fd3m) with
dAn � 3:38 Å, very close to the Hill limit. Photoemission studies [33] indicate itinerant
nature of the5f electron states in this system. UAl3 has a simple cubic structure (s.g.
Pm3m) withdAn � 4:27Å, much above the Hill limit. UAl4 on the other hand has an or-
thorhombic structure (s.g. Imma) withdAn � 4:37 Å, also above the Hill limit. Thus it is
expected that these two systems should have localized5f -electron states as per the Hill cri-
terion. However, some exceptions have been found to exist. There are systems like UGe3,
USn3 and NpSn3 in which the5f -electron states are itinerant although theirdAn values
are much above the Hill limit [34]. This has been attributed to the strong hybridization of
the5f orbitals with that of the other constituent atoms [35]. Low temperature electrical
resistivity and magnetic susceptibility studies on UAl3 and UAl4 indicate localized spin
fluctuation behaviour. However, magnetic susceptibility and specific heat measurements
by Van Maarenet al [36] on UAl3 and by Mielkeet al [37] on UAl4 indicate more towards
itinerant nature of their5f states. In UAl2, high pressure magnetic susceptibility [38] and
electrical resistivity [39] studies show suppression of spin-fluctuation under pressure. With
this background, the above three systems were studied and the results are discussed in the
following subsections.

4.1.1.Compressibility behaviour:The high pressure X-ray diffraction pattern of UAl3 and
UAl4 are shown in figures 3 and 4 respectively. There are no major changes in the patterns,
but systematic shift of the diffraction peaks to higher Bragg angles as a function of pressure
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can be noticed. UAl2 shows a structural phase transition at� 11 GPa and this is discussed
in detail in the subsequent section.

Figure 3. High pressure x-ray diffraction patterns of UAl3 at 1 GPa and 20 GPa. Molyb-
denumK�1 radiation with� = 0:709 26 Å was used. Silver was used as the internal
pressure calibrant [12].

Figure 4. High pressure x-ray diffraction spectra of UAl4 [13].

690 Pramana – J. Phys.,Vol. 54, No. 5, May 2000



High pressure studies onf -electron based dialuminides

The P–V data for UAl2, UAl3 and UAl4 are shown in figure 5. In figure 5, the P–V
data for UAl3 obtained by recording the HPXRD patterns on x-ray films is shown. Subse-
quently, high resolution P–V data for UAl3 were obtained using the Guinier diffractometer
and is shown in figure 6. The P–V curve of UAl3 shown in figure 6, compares very well
with those reported for similar compounds such as, UGa3 and UIn3 [41]. The curve shows
clearly some change in the slope at about 5 and 10 GPa. The P–V data shown in figure
5 were fitted to both the Murnaghan and the Birch–Murnaghan equation of state (EOS)
to obtain the bulk modulusB0 and its pressure derivativeB 0

0 which are listed in table 2.
The EOSs generally used in the high pressure work are due to Murnaghan [42] and Birch–
Murnaghan [43]. For a review on the various EOSs used see ref. [44]. The bulk modulus
B0 of UAl2 is found to be higher than that of UAl3 and UAl4. Itie et al [14] have reported
B0 = 74 GPa for UAl2 which is� 10% lower than this result. The bulk modulus of UAl3

and UAl4 are of comparable magnitude.
The higher bulk modulus in UAl2 is indicative of the itinerant nature of5f states and

is consistent with photoelectron spectroscopy results [33]. In UAl3 and UAl4, the lower
values of bulk modulus may be indicative of localized5f states. However, the low value of
bulk modulus is not a sufficient criterion for localized5f . There are systems like NpSn3,
with B0 almost similar to UAl3 and UAl4, but with itinerant5f states [34]. The reason
for itinerant behaviour is attributed to the anisotropic hybridization of the5f states with
other orbitals [34]. It is emphasized that conclusions regarding the nature of5f from an
isolated measurement may sometimes be misleading [45]. A clear and consistent picture
can emerge only by performing the measurements sensitive to electronic structure such as
photoemission, Compton scattering and so forth. Band structure calculations would be of

Figure 5. P–V data for UAl2, UAl3 and UAl4. The continuous lines are the Murnaghan
fit to the experimental data. In UAl2, data has been fitted to 11 GPa only [12,13].
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Figure 6. High resolution experimental P–V data for UAl3 along with the calculated
curve. The error bar gives the possible inaccuracies involved in the measurement [40].

Table 2. The bulk modulusB0 and its pressure derivativeB0

0 for UAl2, UAl3 and UAl4
obtained by fitting the P–V data to Murnaghan (1st row) and Birch–Murnaghan (2nd
row) EOS. For UAl2, data up to 11 GPa only is used for fitting [13].

Compound Maximum B0 (GPa) B0

0

Pressure (GPa)

UAl2 28 83:97 � 7:88 8:10 � 2:34

82:39 � 8:99 9:29 � 3:55

UAl3 21 70:08 � 4:47 9:39 � 0:89

66:55 � 6:65 12:58 � 2:48

UAl4 35 74:55 � 3:97 5:51 � 0:44

71:35 � 4:77 6:60 � 0:80

much help in determining the nature of5f in these compounds. Such an attempt was in-
deed made on UAl3 [40] with an objective to understand the anomaly in the compressibility
curve (c.f. figure 6) and to relate it with the nature of its5f -electron states.

The band structure and the total energies of UAl3 which crystallizes in the AuCu3 type
structure were obtained by means of the tight-binding linear muffin tin orbital (TB-LMTO)
method within the atomic sphere approximation (ASA). The exchange-correlation poten-

692 Pramana – J. Phys.,Vol. 54, No. 5, May 2000



High pressure studies onf -electron based dialuminides

tial within the local density approximation (LDA) was calculated using the parametrization
scheme of von Barth and Hedin [46]. The most important corrections, namely, the Dar-
win correction and mass–velocity terms were included, but the spin–orbit coupling was
neglected. The calculated compression curve (c.f. figure 6) obtained by fitting the total
energies with the Birch–Murnaghan EOS, does not reproduce exactly the features shown
by the experimentally observed changes in the slopes. This may be due to the inherent lim-
itations of the present TB-LMTO formalism. The situation may improve if full-potential
LMTO (FP-LMTO) method [47] with improved exchange-correlation potential like the
generalized gradient approximation (GGA) is employed. The total density of states (DOS)
at 1 atmosphere and at two other pressures are presented in figure 7. On compression, a
decrease in the total density of states at the Fermi level can be noticed. The band dispersion
curves atV=V0 = 1 indicate that thef -electron states extend up to about 1.19 eV below the
Fermi level. This is comparable to 1.2 eV of UGe3 where photoelectron spectroscopy ex-
periments have conclusively shown thatf -electrons have a tendency towards localization
[48].

Figure 7. The total electron density of states as a function of energy for UAl3 computed
at various volume compressions. The energies are normalized with respect to the Fermi
energy for the equilibrium volume at one atmosphere [40].
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Table 3. Partial occupation numbers ofs, p, d, f states at the U and Al site in UAl3 as
a function reduced volume [40].

V=V0
Uranium Aluminium

s p d f s p d

1.0 0.490 0.654 2.276 2.621 1.171 1.503 0.311
0.95 0.483 0.662 2.318 2.587 1.151 1.506 0.326
0.90 0.475 0.670 2.360 2.552 1.130 1.508 0.360
0.85 0.466 0.681 2.404 2.516 1.109 1.508 0.360
0.80 0.457 0.694 2.447 2.483 1.086 1.505 0.382

Upon further compression (c.f. middle and top curves of figure 7), a continuous transfer
of electrons from the5f to the6d states at the U site was observed. The partial number
of electrons as a function ofV=V0 at both the U and Al sites are given in table 3. From
the table, it is clear that thed-like electron concentration at U site increases at the expense
of f -like electrons. In summary, the calculations do point out an overall transfer of elec-
trons from5f to 6d, but are unable to reproduce the changes in the slope of the observed
compression curve.

4.1.2.Phase transition in UAl2: Among the dialuminides, UAl2 exists in the cubic MgCu2
type structure. It was studied earlier by performing high pressure energy dispersive x-ray
diffraction with a synchrotron source and a phase transition was observed at� 11 GPa
[14]. However, the structure of the high pressure phase could not be resolved due to the
complicated x-ray diffraction pattern. We accomplished the task by performing high pres-
sure x-ray diffraction experiments using the high resolution Guinier diffractometer [12].
Our experiments confirmed a reversible structural phase transition at around� 11 GPa.
Figure 8 shows a typical raw diffraction spectra of the parent cubic phase at 1 GPa and
the high pressure phase at 25 GPa. Appearance of new peaks and splitting of a few parent
peaks indicated that the structure of the high pressure phase might be of lower symmetry.
Various possible structures were fitted to the high pressure phase and the best fit was found
for the hexagonal, MgNi2 type structure with s.g. P63/mmc (Z = 8). The lattice param-
eters at a pressure of� 25 GPa were found to bea = 5:165(15) Å, c = 16:083(15) Å
andc=a = 3:114. Except for the intensities, the calculated interplanar spacings matched
very well with the observed values. The discrepancy in intensity can be traced to preferred
orientation, a well known feature in HPXRD.

It has been found that almost all the known dialuminides of rare earths and actinides
(except for ThAl2) have the Laves phase cubic (C15) MgCu2 type structures with s.g.
Fd3m [49, 50]. Apart from the dialuminides, otherAB 2 type (A: rare earths,B = Ru,
Os, Fe, Co, Ni, etc.) also have this structure [51]. The Laves phases are a set of three
related complex structures which occur frequently inAB 2 type binary compounds and are
isomorphs of MgZn2 (C14,Z = 4). MgCu2 (C15,Z = 8) and MgNi2 (C36,Z = 8) type
structures with similar atomic densities [51–53]. The first and the third structure types are
hexagonal with the same space group P63/mmc, but with differentc=a ratios.

The general opinion is that the geometrical factor, viz., the ratio of atomic radii
RA=RB , plays an important role with the existence of the alloys of the Laves phase type
[51,52]. Empirical correlations point out that both the cubic (MgCu2) and hexagonal
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Figure 8. High pressure XRD spectra of UAl2 at 1 GPa and 25 GPa. The high pressure
phase is indexed to MgNi2 type structure [12].

(MgZn2 and MgNi2) phases should exist atRA=RB � 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 MgCu2 type structure is stabilized at the free
electron concentrations, i.e., the number of free electrons per atom ratioe=a < 1:8 and
> 2:3 [54,55]. For intermediate concentrations, i.e.,1:8 < e=a < 2:3, both MgZn2
and MgNi2 structures exist. The interaction between the Fermi surface and the Brillouin
zone are considered to be the reason behind the above trend [51]. As the number of free
electrons increases, the Fermi surface 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 connection between free electron concentration and crystal structure
is clearly seen [51] in pseudobinary alloys of typeA(B1�xCx)2 with A = rare earth,
B = Al, C = Fe, Co, Ni, etc. The structure is found to change from MgCu2 type to
MgZn2 and back to MgCu2 when the concentration of Al increases, in other words, on
increasing the free electron concentration from 1 to 3 per atom.

In UAl2 the e=a ratio is� 1:66 [56], which corresponds to the region of stability of
MgCu2 type structure. In thef -electron systems under pressure, increased delocalization
of the f -electron states leads to an increase in thee=a ratio as well as a decrease in the
RA=RB ratio due to the contraction of thef electron orbitals of theA atom. Hence in
UAl2 the transition from MgCu2 to MgNi2 type structure can be understood from the
increase in thee=a ratio into a region> 1:8 where the MgZn2 or MgNi2 structure are
stable. At further higher pressure, it may even transform back to the MgCu2 type structure
when itse=a ratio exceeds 2.3. The negligible volume change across the transition in UAl2

also follows from the almost similar atomic densities of the two structures.
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Some of the rare-earth-Os2 intermetallics like LaOs2, CeOs2 and PrOs2 have also been
found to undergo the structural transitions of the type MgCu2 to MgZn2 under pressure
[57]. In these systems, thee=a ratios are in the range 1.60–1.68 [56] corresponding to the
region of stability of MgCu2 type structure at STP.

Thus it appears that the structural sequence:

MgCu2 ! MgZn2(or MgNi2)! MgCu2

is the natural outcome of the increased delocalization of thef electron states under pres-
sure. This structural sequence can also be expected in other actinide and rare earth based
AB2 type Laves phases with theire=a ratios< 1:8.

4.2The ThAl2 system

ThAl2 exists in the hexagonal AlB2 type structure [58]. Godwalet al [59] investigated this
system up to� 10 GPa and reported a structural transition from the hexagonal AlB2 to
the cubic MgCu2 type structure at a very low pressure of� 0:3 GPa. With an aim to look
for a possible sequence in ThAl2, as observed in UAl2, we studied the system to higher
pressures [12,13]. Further details on this work can be found in reference [11].

High pressure x-ray diffraction experiments on ThAl2 were done up to� 30 GPa and
the P–V data up to 12 GPa is shown in figure 9. In contrast to the earlier report [59]

Figure 9. The P–V data of ThAl2 prior to the structural transition. An isostructural
transition with a volume change of about2% at 5 GPa can be noticed. The error bar
indicated gives the possible inaccuracies involved in the measurement [11].
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it was found that ThAl2 retained its AlB2 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 electronic origin, occurs at around 5.5 GPa. The
volume change across the isostructural transition is about2%. The P–V data of ThAl2
was fitted to the Birch–Murnaghan EOS to obtain the bulk modulusB 0. The value ofB0

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 ofB0 obtained was108� 13 GPa.

Figure 10 shows the HPXRD spectra of ThAl2 for AlB 2 (hexagonal) phase at 2 GPa,
the isostructural phase at 6.0 GPa, and for the high-pressure phases at 18 and 25 GPa,
respectively. At around 12 GPa, the X-ray diffraction pattern of the high pressure phase
showed the appearance of new peaks and splitting of the parent peaks indicating that the
structure may be of lower symmetry. Using the standard trial and error methods, various
structures were tried and best fit was obtained for an orthorhombic lattice. All the peaks
at 18 GPa could be indexed to the orthorhombic structure with lattice parametersa =
5:25 � 0:01 Å, b = 11:31 � 0:01 Å, and c = 4:26 � 0:01 Å. The orthorhombic phase
remained stable up to 22 GPa. Under further compression, the system goes over to a
tetragonal lattice with parametersa = 4:71� 0:01 Å andc = 11:28� 0:05 Å.

Attempts to fit the high-pressure structures to known space groups and structure types
were partially successful. The orthorhombic lattice matched very well with ZrSi2 type

Figure 10. High pressure x-ray diffraction spectra of ThAl2 at 2, 6, 18 and 25 GPa.
The pattern at 6 GPa clearly shows that there is no change in the structure above the
transition at about 5.5 GPa. The pattern at 18 GPa shows orthorhombic phase and that
at 25 GPa the tetragonal phase [11].
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structure (s.g. Cmcm) and the tetragonal lattice matched with ThSi2 structure type (s.g.
I4/amd). But a peak-to-peak match with proper intensities was not easy, due to the inherent
difficulties with the high-pressure x-ray diffraction patterns, namely, (i) poor resolution and
(ii) preferred orientation affecting the intensity distribution.

The observed structural sequence in ThAl2 : AlB2 ! ZrSi2 ! ThSi2 can be visualized
geometrically as shown in figure 11. The observed lattice parameters are also consistent
with this picture. This structural sequence can be rationalized by considering a reported
structural stability map [60] with respect toN , the number of band electrons for theAB 2

type compounds as shown in figure 12. According to this map, the structural sequence
starting with the AlB2 type structure is: AlB2 ! ThSi2 ! ZrSi2, which is different from
the observed sequence. This discrepancy 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 ZrSi2 type structure [60]. It is seen that the
ZrSi2 type structure is more stable compared to the ThSi2 type if the interaction between
these two layers is ignored. In ThAl2, the observation of the ZrSi2 type structure preceding
the ThSi2 type structure could be due to a weak interaction of these two network of atoms,
as their separation is quite large (2:625 Å). But under pressure, the distance between the
two networks decreases resulting in an enhanced interaction. The ZrSi2 structure no more
remains stable and transforms to the ThSi2 type structure.

It can be noted from figure 12 that at the beginning of the structural sequence, the dis-
tinction between the MgCu2, MgNi2 (or MgZn2) type have not been taken into account.
Hence in figure 12 the MgCu2 type structure should be denoted as ‘Laves phase’ to in-
clude the other two Laves phase structures also. In this situation, the structural sequence
observed in UAl2 and ThAl2 seem to be forming part of a greater structure sequence:

MgCu2 ! : : :! CeCu2 ! AlB2 ! ZrSi2 ! ThSi2 ! SmSb2 ! : : : :

It is interesting to note that TmGa2 shows a transition from CeCu2 ! AlB2 [18] further
strengthening the sequence presented in figure 12. It is hoped that at higher pressures
TmGa2 may show transition to ZrSi2 or ThSi2 type structures.

At this stage, with limited number of structural phase transformations in theAB 2 type
compounds (c.f. table 1), it is not possible to correlate clearly the stability of various struc-
tures with the nature and occupancy of theirf -electron states. Systematic structural studies
on more number of compounds as well as electronic structure calculations are essential for
accomplishing the above objective.

4.3The CeAl2 and GdAl2 systems

At ambient pressure, both CeAl2 and GdAl2 stabilize in the cubic MgCu2 type structure
[55]. CeAl2 is a concentrated Kondo system with approximately integral valence� 3
[61]. Anderson’s theory predicts that pressure can induce instability of the4f 1 shell
of Ce3+ [62]. Therefore, the onset of strong valence mixing could be established by
monitoring the lattice parameter as a function of pressure. The occurrence of a volume
anomaly/discontinuity in CeAl2 under pressure has been a point of contention [63–65].
Ramesh and Holzapfel [63] reported an isostructural phase transition in the compound
near 7.7 GPa with a volume collapse of about1%. Earlier reports [64,65] swing be-
tween observation of volume collapse of4% and absence of any discontinuity. The belief
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Figure 11. The structural sequence followed by ThAl2 as a function of pressure. The
diagram shows the geometric evolution of various structures AlB2(h)! ZrSi2(o)!
ThSi2(t). The large circles are Al and small circles Th. Open circles are at the origin
and closed circles at one half perpendicular to the plane of the paper. ZrSi2 structure
type can be regarded as AlB2 type in which one half of the AlB2 wall has collapsed and
additional Si tetrahedra in-between the AlB2-like walls (Al in the case of ThAl2). ThSi2
type of structure is also composed of AlB2-type walls. But the structure is obtained by
a screw operation [11].
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Figure 12. A comparison of the theoretical and experimental ranges of stability with
respect to the band filling numberN of tenAB2 type structures [60].

that the anomaly might be linked to the non-hydrostaticity of pressure is not so convinc-
ing as similar effects are not noticed in other isostructural compounds [65]. Hence our
investigations had two objectives, (i) to look for possible anomaly/discontinuity in the
compression curve of CeAl2, and (ii) to compare the compression curve of GdAl2 [15].

4.3.1.Compressibility behaviour: High pressure x-ray diffraction experiments were done
up to� 23 GPa on CeAl2 and up to� 16 GPa on GdAl2. Figure 13(a) and (b) show
the variation of lattice parameter with pressure. The curves show deviation from normal
compressibility behaviour. In the case of GdAl2 (figure 13(b)), the anomaly is very subtle.
But CeAl2 shows a significant anomaly between 2–6 GPa (figure13(a)). This continuous
and isostructural change observed in CeAl2 is in contrast to a volume collapse observed by
other workers [63]. A similar behaviour observed in AuIn2 has been attributed to a Lifshitz
transition [66]. The experimental observations point out that the rapid but continuous
decrease in volume starts around 2 GPa and ends at� 6 GPa and the volume change
exhibits a point of inflexion, indicating that the compressibility goes through a maximum.
In literature, Lifshitz transition has been considered as a 21

2
order transition [67].

The Birch–Murnaghan equation of state, fitted to the P–V curve of GdAl2 gives bulk
modulus and its derivative asB0 = 69 � 5 GPa andB0

0 = 1:03 � 0:6 respectively
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Figure 13. Experimental as well as computed P–V data for CeAl2 (a) and GdAl2 (b).
The pronounced anomaly in the compressibility of the former is evident. The deviation
from the normal behaviour is attributed to changes in electronic structure [15].

which is close to those of several other rare earth dialuminides [17]. However, in CeAl2,
the P–V data fitted up to 5 GPa yields a bulk modulus ofB0 = 234� 45 GPa andB0

0 =
�3:7� 9:3. This shows that CeAl2 is highly incompressible at low pressures (up to� 5
GPa) and becomes more compressible at high pressure. Similar behaviour has also been
seen in NpAl2 and NpOs2 [68] and has been attributed to the interband transfer of electrons
under compression. It may be noted that both in Ce and Np thef -electron states (4f in Ce
and5f in Np) are close to the localized itinerant transition zone.

In order to explore the possibility of explaining the compressibility behaviour of these
compounds, we have performed band structure calculations. The energy bands of paramag-
netic CeAl2 and ferromagnetic GdAl2, which crystallize in the C15 Laves phase, were cal-
culated by means of the TB-LMTO method within the atomic sphere approximation. Our
computed compression curves of CeAl2 and GdAl2 (figure 13(a) and (b)) shows changes
in the regions corresponding to those observed experimentally. For example in CeAl2, in
the pressure range 2–6 GPa, it is observed that somed as well asf bands move across the
Fermi level.

It is well known that if the variation of an external parameter, here pressure, causes
changes in the Fermi surface topology, it is likely to influence the otherwise monotonic
variation of DOS. This was pointed out by Lifshitz [67], who has demonstrated large
change in DOS and consequently a change in the associated thermodynamic properties
if a closed Fermi surface transforms into an open surface by the formation of a new piece
of ‘neck’. It was shown by Makarovet al [69] for thallium that there is a charge of DOS
due to a change in the topology of the Fermi surface which led to a non-linear contribution
to the superconducting transition temperature. A similar behaviour was also observed by
Chuet al for rhenium [70] and Rajagopalanet al for phosphorus [71].

In order to look for possible changes in the Fermi surface topology, the energy bands
were obtained as a function of pressure. The band dispersion curves for three compressions
namely,0:90V0 (5 GPa),0:875V0 (10 GPa) and0:85V0 (14 GPa) are shown in figure 14.
At 0:90V0 (top curve), thed like band along the symmetry directionL � � and thef
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Figure 14. The band dispersion curves of CeAl2 for three compressions namely0:90V0
(top), 0:875V0 (middle) and0:85V0 (bottom). The curves show that as a function of
pressure, thed like band alongL � � andf -like band alongK � � touch the Fermi
level and subsequently cross it [15].

like band along the symmetry directionK�� just touch the Fermi level. At a compression
of 0:875V0 (middle curve) thed like band alongL�� and thef like band alongK��move
up and cross the Fermi level, thus causing a change in the topology of the Fermi surface.
Upon further compression (bottom curve), these two bands alongL� � andK � � move
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further away from the Fermi level which result in a further fall in the DOS. This change in
the Fermi surface topology is reflected in the experimental as well as computed P-V curve.
Thus it is tempting to conclude that the electronic transition that is seen 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 compressibility curve does not reproduce the steep decrease
in volume as observed experimentally. This could be due to the fact that propere� � e�

correlation have not been taken into account in the calculation which is expected to have
pronounced effect on the compressibility.

Further compression leads to the fall of density of states (DOS) continuously up to
0:75V0 (22 GPa). Figure 15 shows the variation of total density of states with pressure.
At a compression of0:70V0 (26 GPa) there is a small jump in the DOS. This jump in the
DOS is due to the fact that afd like hybridized band atX point drops down with respect to
the Fermi level. The calculated bulk modulus also shows a similar behaviour as the DOS
with pressure [15]. This may be an indication of a possible structural phase transition.

5. Structure maps and high pressure phases of intermetallic compounds

Structure maps are used to systematize the occurrence of different structures of compounds
[19]. The main objective is to visualize the relationship between the structure type of a
compound and the electronic configuration of its constituents, in order to explain the oc-
currence of observed structure types, and if possible to give some guideline on the possible

Figure 15. The variation of the total density of states with applied pressure [15].
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structure types of new or hypothetical compounds. The quantum mechanical basis for the
highly successful microscopic atom model, used with a great degree of accuracy/precision
in predicting structural stability of alloys has been reviewed by Pettifor [72].

The use of structure maps in predicting high pressure structural sequence has however
not been explored. With several thousands of compounds known, the structure stability
maps provide a very important basis for correlating the crystal structure and the electronic
configuration of its constituents. As a function of pressure, structural phase transforma-
tions are generally a rule rather than exception. Knowledge about possible structures can
enormously facilitate the indexing of the x-ray powder diffraction pattern. Recently Villars
et al [19] have developed structure stability maps for binary compounds based on the three
parameters viz.: (i) the average valence electron concentration (VE), (ii) the electronega-
tivity difference (�X), and (iii) the pseudo-potential radii difference (�R). These are also
called three dimensional (or 3D) structure maps. Earlier Pettiforet al [73] had developed a
2D structure map. However, Villars’ 3D maps are more successful and are able to explain
the structure of most of the binary intermetallics. For instance, Pettifor’s 2D map predicts
cubic MgCu2 type structure for ThAl2 rather than the experimentally observed AlB2 type
structure; whereas the 3 parameter map rightly places the structure as AlB2.

In the following, the usefulness of Villars’ three parameter structural maps in predicting
pressure induced structural transitions has been attempted. The parameters VE,�X and
�R for thef electron basedAB2 type compounds undergoing structural phase transitions
are listed in table 4. The values for these parameters for the STP phases have been cal-
culated as per the prescription given in ref. [19], whereas for the high pressure phases
these values have been inferred from the structure maps. The general decreasing tendency
of the various parameters for the high pressure phases can be clearly seen, although there
are some ambiguities for VE and�X in the case of ThAl2. For ThAl2, the two struc-
tures ZrSi2 and ThSi2 have not been considered separately because of their similarity in
nature. If the pressure dependence of these three parameters can be computed, then with
the help of Villars’ structure maps, it will be possible to predict pressure induced structural
transitions, and also can aid solving the structures of the high pressure structures.

Table 4. The values of Villars’ three parameters: VE,�X and�R for various phases
of UAl2, ThAl2 and TmGa2.

Compd. Phases VE �X �R (Å) Remarks

UAl2 [12] MgCu2 (at STP) 3.0 0.04 2.03 Computed

MgNi2 (at hp) 2.25–2.74 0 1.00 Inferred from
structural map

MgCu2 (at hp) 2.25–2.74 0 1–0.5 Inferred from
structural map

ThAl2 [11] AlB2 (at STP) < 3:33 �0.226 2.203 Computed
ZrSi2/ThSi2 > 3:33 �0:5� 0:5 2.0–1.0 Inferred from
(at hp) structural map

TmGa2 [18] CeCu2 3.0 �0:33 1.27 Computed

(at STP)

AlB2 (at hp) 2.25–2.74 0 2.0–1.0 Inferred from
structural map
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6. Conclusions and future directions

Our investigations on the f-electron based intermetallics using the high pressure x-ray
diffraction technique in the Guinier geometry coupled with TB-LMTO calculations not
only produced several interesting results, but also led to several open questions. The com-
pressibility behaviour in UAl2, UAl3 and UAl4 established the decreasing itinerant be-
haviour of the5f -electron states with increasing aluminum concentration. However, these
results are to be corroborated with the other experiments like photoelectron spectroscopy,
and high pressure and low temperature behaviour of specific heat, magnetic susceptibility
and electrical resistivity. Electronic structure calculation is expected to throw more light
on this aspect.

The structural transition in UAl2 and ThAl2 established an interesting structural se-
quence as a function of band filling numberN . More such systems should be studied
to establish this structural sequence. Also, these systems should be investigated at fur-
ther higher pressures using the synchrotron radiation sources to establish and extend the
structural sequence.

Interesting isostructural transitions were observed in ThAl2 and CeAl2. Electronic struc-
ture calculation on CeAl2 point to a Lifshitz type of transition. Similar calculations should
be extended to ThAl2 also. Low temperature specific heat and magnetic susceptibility mea-
surements should be taken up to understand these systems better. Our electronic structure
calculation on CeAl2 also indicates another transition in the pressure range 25–30 GPa
and requires to be investigated experimentally. We have also attempted to utilize the Vil-
lars’ 3 parameter structure map in predicting pressure induced structural transitions and
understanding the pressure induced evolution of the electronic structure.
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