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Pressure-induced structural sequence in ThA
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On the application of pressure at 300 K, TBAIAIB ,-type hexagonal at STRexhibits an isostructural
transition at around 5.5 GPa. Later it undergoes a phase transition from hexagonal to orthorhombic structure at
12 GPa and then to tetragonal at about 25 GPa. This pressure-induced structural sequence is observed rarely for
an AlB,-type f-electron system. Comparison is made to existing structural fafd.63-182@6)00946-0

Pressure-induced structural sequences observed along tispersive mode using the Guinier geometry. The detailed
homologues offer an excellent means of correlation betweedescription of the Guinier diffractometer setup for carrying
the crystal structures and prediction of new structures. Studbut high-pressure experiments is published elsewhdaiee
ies on such sequences are now available for many systems.Hiuber-Guinier diffractometer is in vertical configurati¢in
one considers thé-electron-based compounds, extensive resymmetric transmission mogeith a Seeman-Bohlin focus-
search has focused on the monochalcogenides and mondpy circle of diameter 114.6 mm. It is in combination with a
nictides of the lanthanides and actinides. A recent survey byyrved-quartz crystal monochromator and a linear position-
Benedict and Holzapfélreveals that very litle work has gensitive detector of length 50 mm. The incident Mo x ray is
been done for actinide intermetallic compounds. SyStematiBbtained from a Rigaku 18 kW rotating anode x-ray genera-

ing a readable HPXRD pattern to as low as 1/2 h, compared
60 20 h required in a conventional film method. However, a
limited pressure. scan time o_f abdu_2 h isrequired to obta|_n da_ta with good
With the aim to study systematically, the pressure_ggnal—to—nmse ratio. .The overall resolution |s.found. to be
induced structural changes in dialuminides of the actinide€d/d~0.01-0.02. A finely powdered sample mixed with Ag
and rare-earth elements, high-pressure x-ray diffraction stud{@s l0aded into the stainless-steel gasket hole, along with a
of UAI , was taken up and an experiment was performed upnixture of methanol, ethanol, and water in the ratio of 16:3:1
to 50 GPa. A reversible structural transition from MgCu @s the pressure-transmitting fluid. The equation of state
(fcc, Fd3m) to MgNi, (hexagonal,P6s/mmn) type was (EOS of Ag was used for pressure calibration.
observed at around 10 GP&ased on this work and on the ~ High-pressure x-ray diffraction experiments on ThAI
ambient pressure studies of sofelectron-based pseudobi- were done up te=30 GPa and th@-V data up to 12 GPa is
nary compound3we proposed a pressure-induced structurashown in Fig. 1. In contradiction to an earlier repbitwas
sequence: MgCu— MgNi, (MgZn,)—MgCu,-type struc- found that ThAL retained its AlB,-type structure up to a
tures in all f-electron-based AB,-type Laves phase maximum pressure of 12 GPa, where it undergoes a revers-
compound€.ThAI , exists in the hexagonal AlRtype struc- ible structural transition. Also, it was observed that an isos-
ture. In that, Godwakt al* reported a structural transition tructural transition, possibly of electronic origin, occurs at
from the hexagonal AlB to the cubic MgCy-type structure  around 5.5 GPa. The experiments were repeated several
at a very low pressure ot 0.3 GPa. Further, their work was times especially at lower pressures and the x-ray diffraction
restricted to only 10 GPa. We aimed our investigations inpatterns were carefully observed for any changes for possible
chasing the above structural sequence in ThatIstill higher  transition. But the reported AIB—MgCu, transition at 0.3
pressures. In this paper,_results of our structural in\(es_tigaGpa was not observed. The volume change across the isos-
tions up to 30 GPa are discussed at length. Our preliminary,ctyral transition is about 2%. Figure 2 shows the variation
investigations up to 20 GPa are published elsewhere. of the lattice parameters of the hexagonal phase as a function

Thorium dialuminide (ThAl;) was prepared in single .of pressure. The plot clearly shows tlzatlecreases monoto-

phase by a standard arc-melting technique. Stoichiometrlﬁ .
» ously, whereag drops rather sharply across the isostruc-
quantities of Th(99.98% purgand Al (99.999% purgwere éural 'E/ransition at abcr))ut 5.5 GPa. 'IPrﬁ)éV data on ThA}

melted several times in inert environment. The arc-melte . . .
ingots were then sealed in evacuated silica tubes and afas fitted to the Birch-Murnaghan EQBef. 7) to obtain the

nealed at 1100 K for about a month. The powdered sampleulk modulusB,. The value ofB, obtained in this study is
were characterized by x-ray diffraction using a high- /114 GPa up to 5.5 GPa. When tReV data from 5.5 to

precision Guinier diffractometer described elsewtfere. 12 GPa were fitted, the value &, obtained was 10813

High pressure x-ray diffractiofHPXRD) was carried out GPQ-
with a Mao-Bell-type diamond-anvil cell in an angle- Figure 3 shows the HPXRD spectra of ThAfor AIB ,

havior. The review lists, for example, only four dialuminides
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FIG. 1. P-V data of ThAL prior to the structural transition. The
error bar indicated gives the possible inaccuracies involved in th%S
measurement. ’

FIG. 3. High-pressure x-ray diffraction spectra of ThAit 2, 6,
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. Pat-
tern at 18 GPa shows orthorhombic phase and that at 25 GPa the
(hexagonalFd3m) phase at 2.0 GPa, the isostructural phasgetragonal phase.
at 6.0 GPa, and for the high-pressure phases at 18 and 25
GPa, respectively. At around 12 GPa, the x-ray pattern of theriple-peak structure around 8° underwent some reversal in
high-pressure phase showed the appearance of new peakeir intensities. This new structure fitted very well to a te-
and splitting of the parent peaks indicating that the structurgragonal lattice with parametersa=4.71+-0.01 A and
must be of lower symmetry. Using the standard trial andc=11.28+0.05 A. Table | lists the calculated and the ob-
error methods, various structures were tried and best fit waservedd spacings for the high-pressure phases. Attempts to
obtained for an orthorhombic lattice. All the peaks at 18 GP4it the high-pressure structures to known space groups and
could be indexed to the orthorhombic structure with latticestructure types were partially successful. The orthorhombic
parameters a=5.25+0.01 A, b=11.31+0.01 A, and |attice matched very well with ZrSitype structure with
c=4.26+0.01 A. The orthorhombic phase remained stablespace-groupCmcmand the tetragonal lattice matched with
up to 22 GPa. Above 22 GPa it was observed that the x-rayhSi, structure type with space-grolig,;/amd. But a peak-
diffraction pattern underwent slight changes and featured into-peak match with proper intensities was not easy, due to
tensity reversal and reduction in the number of peaks. Rethe inherent difficulties with the high-pressure x-ray diffrac-
markable among them was the triple structure around 6%jon patterns, namely(i) poor resolution andii) preferred
which coalesced to form a single peak. Further high-intensityrientation effects leading to arbitrary intensity distribution.
The isostructural transition, in ThAlat 5.5 GPa, can be
compared with a similar transition in Ceplat about 7.7
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FIG. 2. The lattice parametess and ¢ of ThAl, vs pressure
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prior to the structural transition at about 12 GPa.

12

GPa®®° The volume change across the transition in Cgial
around 1% and it has been attributed to the delocalization of
the 4f electrons. It may be recalled that in pure Ce, the
4f1 delocalization pressure is0.7 GPa. However, the situ-
ation in ThAl, is totally different. In Th, the itinerant
states lie about 1 eV above the Fermi leizel. 2% But due

to strong hybridization with thepd states, it manifests itself

in several physical properti¢é.The various physical prop-
erties and most recently its fcc crystal structure have been
attributed to about 4% contribution off 5o the total density

of states aEr . The recent high-pressure experiments by
Vohra and co-worker$ shows an fcc to a bct phase transi-
tion at about 70 GPa with the onset of Bccupation at this
pressure. This fact has also been confirmed by recent band-
structure calculation®'® Preliminary band-structure calcu-
lations in ThAL, using the tight-binding linear muffin-tin or-
bital method give the position of thef3evel about 2.5 eV
above the Fermi energy. The isostructural transition in
ThAI, at about 5.5 GPa cannot be correlated with the occu-
pancy of the % states. However, the increasing effect of the
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TABLE I. The calculated and the observdespacings with theihkl’s for (a) the high-pressure ortho-
rhombic phase at=18 GPa, witha=5.25+0.01 A, b=11.31-0.01 A, andc=4.26+0.01 A and(b) the
high-pressure tetragonal phase~a25 GPa, witha=4.71+0.01 A andc=11.28+0.05 A.

(a) Orthorhombic structure (b) Tetragonal structure

No. dearc dobs hkl No. dcarc dobs hkl

1 5.65 5.64 020 1 4.35 4.38 101
2 5.25 5.21 100 2 3.76 3.74 003
3 4.26 4.27 001 3 3.33 3.31 110
4 3.98 3.95 011 4 3.19 3.09 111
5 3.77 3.74 030 5 2.87 2.89 112
6 3.40 3.49 021 6 2.49 2.58 113
7 3.30 3.29 101 7 2.42 2.46 104
8 3.17 3.18 111 8 2.35 2.34 200
9 2.85 2.93 121 9 2.25 2.26 005
10 2.82 2.81 031 10 2.17 2.17 202
11 2.62 2.67 200 11 2.07 2.08 211
12 2.55 2.56 210 12 1.97 1.94 212
13 2.48 2.45 131 13 1.83 1.84 213
14 2.26 2.26 050 14 1.80 1.78 204
15 2.19 2.19 211 15 1.66 1.66 220
16 2.13 2.13 002 16 1.59 1.60 222
17 1.99 2.01 051 17 1.57 1.57 300
18 1.94 1.94 112 18 151 1.51 302
19 1.88 1.88 060 19 1.47 1.47 206
20 1.85 1.83 032

21 1.74 1.74 132

22 1.65 1.65 202

23 1.59 1.58 251

5f states on the various physical properties cannot be rulestudies on the stability of structures with respect to band
out. A photoemission study may throw some light on thesdilling N ofAB , structure type$>?*The prediction as per the
aspects and also confirms our band-structure calculations. map is hexagonal AlB-tetragonal ThSi—orthorhombic
The mativation in looking for an AIB to MgCu, struc-  ZrSi,. But in ThAl, the observed sequence is AIB
tural transition in ThAL must have stemmed from an impor- ZrSi,-ThSi,. The relative stabilities of the Thgitype and
tant prediction by Pettifor's two-dimensionéD) structural ~ ZrSi,-type structures have been analyzed by fetking
mapl’~?® The map predicts that ThAl stabilizes in into consideration the two types of networks of bonded at-
MgCu,-type rather than AlB-type structure. The experi- oms, namely, square lattice and zigzag chain, found in these
mental details are not sufficient to speculate as to why such structures. ThSi structure seems to be relatively more stable
transition was observed. Recently, Villars, Mathis, andif the interaction between the two types of bonds is strong. In
Hullinge! have come out with a three-parameter-basedrhAl,, it is noticed that, as a function of pressure, thaxis
structural map that is more practical and has achieved sués affected to a large extent in the beginning, ending with an
cess. If one looks at the prescription for ThAlts structure isostructural transition. Later tha axis begins to change,
at STP is indeed AIB and not MgCuy, reaffirming our ob- and a transition to an orthorhombic cell is nucleated. Taking
servation. The promise these 3D structural stability mapsi cue from this evolution, it is possible that in the orthorhom-
hold in predicting high-pressure phase transitions has not ydtic phase, the distance between the square lattice and the
been explored. Pettifor has reviewed in detail the quantumzigzag chain structure is large and the interaction is weak,
mechanical basis for the highly successful Miedema macroleading to the ZrSj-type structure. But as the system is fur-
scopic atom model, used with a great degree of success ther pressurized, the situation changes and the system ac-
predicting structural stability of alloys It is felt that on  quires sufficient interaction strength to stabilize in the
similar lines, the quantum-mechanical basis should be sougfthSi,-type tetragonal structure.
for Villar's parameters, like the average valence-electron ra- Turning to our perspective of exploring the possibility of
tio of the constituent atoms, the electronegativity differencea pressure-induced structural sequencé By compounds,
and the pseudopotential radii difference. Once they are dazamely, MgCy— MgNi,— MgCu,, we find that such a se-
fined, then there is a possibility of getting these parameterquence is not exhibited by pressure-induced transitions in
from band-structure calculations. ThAl,. The reason is that the reported AlBo MgCu,
Figure 4 shows the structural sequence followed bystructural transitiod, on the basis of which we were moti-
ThAl, as a function of pressure. The structural sequenceated to look for the above-structural sequence, was not ob-
observed in ThA} can be rationalized using the available served.
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FIG. 5. The bar chart shows the number of compounds adopting
different structure types among theB,-type lanthanide and ac-
tinide intermetallic compoundso( orthorhombic;t, tetragonalh,

122 GPa hexagonalgc cubic)

cubic MgCu, Laves phase. This also means that the Laves
phase is stable for a wide range of band electrons. This can
also be noted from Fig. 5. Is it that once a system is in Laves
phase its stability regime under pressure is extended? This is
pointed out by structural investigations on many
MgCu,-type compounds that stay in this phase even up to
fairly high pressures. LnAl (Ln=lanthanide} are typical
examples that remain in cubic phase under pressudar
recent high-pressure x-ray diffraction studies on Gdidave
revealed no structural transitions up to about 30 GPa, the
FIG. 4. The structural sequence followed by ThAk a function ~ maximum pressure up to which the system was investigated.
of pressure. The diagram shows the geometric evolution of variou¥1cidentally, our investigation on UAlalso strengthens this
structures AlB(h)—ZrSi,(0)-ThSi,(t). The large circles are Al point of view. UAI, remains in MgCy phase up to about 11
and small circles Th. Open circles are at origin and closed circles &6Pa, where it transforms to MgBlistructure, again a Laves
one half perpendicular to the plane of the paper. The AMifpe  phase. Thereafter, it remains stable in MgNtructure up to
structure is projected of0003). ZrSi, is projected on(100 and 50 GP& It is strongly felt that studies in this direction in the
ThSi, on (010). ZrSi, structure type can be regarded as AlBpe  form of high-pressure experiments and calculations on inter-
in which one half of the AIB wall has collapsed and additional Si metallic compounds exhibiting either AfBtype structure or
in tetrahedra between AlBlike walls (Al in the case of ThA}). MgCu,-type structure may reveal the structural sequence
ThSi, type of structure is also composed of AlBype walls. But and the role of the valence electrons in stabilizing these
the structure is obtained by a screw operation, namely, translatioatructures.

plus rotation(Ref. 23. The authors thank N. Subramanian and M. Sekar for use-
ful discussions and L. M. Sundaram for his help in sample
Figure 5 depicts our attempt to systematize the structurgbreparation. The authors also thank G. V. N. Rao for his help
data available foAB,-type intermetallic compounds of lan- with the x-ray data analysis software. The authors thank Dr.
thanides and actinides. Among the 365 compounds existinganwar Krishan, Dr. Baldev Raj, and Dr. Placid Rodriguez
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