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Abstract

In view of the large scatter in the literature, we have re-evaluated the high-pressure behaviour and the bulk modulus of thorium dioxide,
experimentally using high-pressure X-ray diffraction (XRD) in conjunction with synchrotron radiation. To compare with the experimental
measurements, theoretical calculations were performed using the full-potential linear muffin-tin orbital method (FP-LMTO) together with the
local density approximation (LDA) as well as the generalised gradient approximation (GGA). The experimental value for the bulk modulus
is found to be 195.3t 2.0 GPa, which compares well with the calculated value of 198 GPa obtained by using the generalised gradient
approximation to the exchange correlation potential.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction rectly related to the 5f electrons present in J&d miss-
ing in ThO, [2]. Like other fluorite-type compounds, ThO

During the last two decades, actinide dioxides have at- undergoes a pressure-induced structural phase transforma-
tracted a great deal of interest from experimentalists astion to the orthorhombia-PbCh type structure with space
well as theoreticians. The chemistry of actinide oxides groupPnma (No. 62). The transition pressure for Th@&
is a complex field, with complications stemming from stated as 40 GPa, although weak lines of the high-pressure
non-stoichiometry and often from self-damage resulting phase begins to appear above 30 GR4].
from decay of radioactive isotopgs]. Careful experimen- In 1964, Macedo et aJ5] determined the elastic constants
tal procedures have overcome most of these difficulties to c11, c12 andcaq4 of ThO, by measuring the velocity of sound
produce an overall picture in which only Th@s a stable waves in single-crystal samples. The zero-pressure adiabatic
diamagnetic transparent insulating solid and the other ac-bulk modulus By, is given by
tinide dioxides are all darkly opaque and poorly conducting.

Interest in thorium dioxide is not confined to its use as a Bp = §(c11+ 2c12). (1)
nuclear material, but also as a solid-state electrolyte and it
is traditionally used in fluorescent tubes. Macedo et al. gotBp = 193 + 2GPa. The same re-

At ambient conditions, the actinide dioxides have the pre- sult was obtained by Wawr§] 9 years later, also by
dominantly ionic fluorite (Caf) type structure with space a sonic-ultrasonic method. Experimental work using
groupFm3m (No. 225). The fluorite crystal structure yields high-pressure X-ray diffraction (XRD) and theoretical cal-
cubic site symmetry for the actinide atoms and tetrahedral culations in the 1980s, however, tended to give much higher
site symmetry for the oxygen atoms. The most profound dif- values for the bulk modulus of ThO(Table 1. Thus,
ferences (notably with respect to the conductivities, color Benedict et al[7] measuredy = 278 GPa. Later, the same
and magnetism) in the two dioxides Th@nd UQ is di- group[4] reported the revised experimental vaBge= 262

+ 4 GPa together withB; = 6.7 + 0.5, the latter param-
eter being the pressure derivative of the bulk modulus at

* Corresponding author. Tek:45-45-25-31-46; fax:+45-45-93-2399.  Z€ro pressure. Thgp values above seemed to be supported
E-mail address: gerward@fysik.dtu.dk (L. Gerward). by theoretical calculations of Kelly and Brook8] who,
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Table 1 mixture was used as the pressure-transmitting medium.
Lattice constanta, and relative volumeV/Vp, of ThO, as functions of The pressure was determined by measuring the wavelength
pressure shift of the rubyR; luminescence line and applying the
P (GPa) a (A) VIVo non-linear pressure scale of Mao et[dl3]. The Bragg an-
Experiment Theory Experiment Theory ~ 9lewas c;alculatgd froma zero-pressure diffraction spectrum
.00 5.5069(15) o113 1.0000®) 10070 of NaCl in the diamond-anvil cell.
105 5 5875 5 6014 0.9950 10020 From the obse_,\rved diffraction spectra,_the lattice param-
251 5.5737 5.5880 0.9876 0.994¢ eters and the unit-cell volume can b_e derived and refined by
3.71 5.5616 5.5775 0.9812 0.9892 a least-squares method. The experimental pressure—volume
8.72 5.5228 5.5359 0.9608 0.9670  data can then be described by the Bif@éd] or the Mur-
10.56 5.5099 5.5350 0.9541 0.9600  naghar{15] equations of state:
16.20 5.4700 5.4811 0.9335 0.9388
21.66 5.4368 5.4443 0.9166 0.9220 r 3 3
31.39 5.3849 5.3868 0.8906 0.8942 -7 - -2
=50 13 _x753) [1+ 21(Bg, —H(23 - 1)} ,
The number within parenthesis is the estimated experimental error in 20

units of the last decimal place. Theoretidd\, corresponding to the (2a)
experimental pressure values are obtained by interpolating the calculated
pressure—volume points. He¥g is the experimental equilibrium volume.

—B
0 —
Theoretical values given here are obtained using GGA. il — (x—l)

Bo 36 (2b)
using density-functional theory, arrived By = 290 GPa. ) _

The method used to solve the Schrédinger equation was HErex = V/Vo, Vis the volume at pressu@, Vo is the

the linear muffin-tin orbital (LMTO) method, together with  Volume at zero pressure, afig and B, are the isothermal
the so-called atomic-sphere approximation (ASA). Clausen bulk modulus and its pressure derivative, both parameters
et al.[9], using inelastic neutron scattering, got a somewhat €valuated at zero pressure. ValueBgaind B, are obtained

lower experimental value of 223 GPa. Harding et[4D], from a least-squares fit &q. (2a) or (2bjo the experimental
using the relativistic Dirac-Fock approximation and density Pressure-volume points.

functional theory, arrived at the calculated value of 175 GPa

for the bulk modulus. Recent calculations by Li et[afl],

using the full-potential linear muffin-tin orbital (FP-LMTO) 3. Computational aspects

method, together with the generalized gradient approxima-

tion (GGA) resulted in the theoretical valuBg = 221 GPa In this work, the all-electron full-potential linear
andBj = 3.2. muffin-tin orbital method16] is used for calculating the to-
In view of the large scatter of thBy values for ThQ, tal energies as well as the basic ground state properties, such

mentioned above, and the fact that previous XRD measure-as equilibrium lattice constant, bulk modulus and its pres-
ments have been performed with laboratory X-ray sources, sure derivative. This method treats the muffin tin spheres
it was thought worthwhile to undertake a remeasurementand the interstitial regions on the same footing leading to
of the bulk modulus using high-pressure X-ray diffraction improvements in the precision of the eigen values. Here
in conjunction with synchrotron radiation. In possible sup- the crystal is divided into two regions: non-overlapping
port of these measurements, renewed calculations have beemuffin-tin spheres surrounding every atom and the inter-
undertaken, using the full-potential linear muffin-tin orbital stitial region between the spheres. Within the spheres, the
method together with the local density approximation (LDA) potential is expanded in spherical harmonics, while in the
as well as the generalized gradient approximation. interstitial region it is expanded in terms of plane waves. The
exchange correlation energy of the electrons is described in
the local density approximation using the parameterisation
2. Experimental procedure of Vosks et al[17] and the generalised gradient approxima-
tion using the formalism of Perdew et §1.8]. The charge
High-pressure powder X-ray diffraction patterns were density and the potential are represented inside the muffin
recorded at room temperature using the white-beamtin spheres (MTS) by spherical harmonics uptax = 6,
method and synchrotron radiation at Station F3 of while in the interstitial region, 12050 plane waves with en-
HASYLAB-DESY in Hamburg, Germany. The diffrac- ergies up to 180 Ry were included in the calculation. The
tometer, working in the energy-dispersive mode, has beenbasis orbitals used in the present calculation are 7s, 6p, 6d,
described elsewhefé&2]. High pressures up to 70 GPa were 5f for Thorium and 2s, 2p orbitals for Oxygen, respectively.
obtained in a Syassen—Holzapfel type diamond-anvil cell. A Total energies were calculated as a function of reduced
finely ground powder sample and a ruby chip were placed in volumes ranging from 1.0% to 0.75/y, whereVy is the
a 200p.m diameter hole of the inconel gasket, preindented experimental equilibrium volume and fitted to the Birch
to a thickness of 6m. A 16:3:1 methanol:ethanol:water equation of stat§l4] to obtain the ground state properties.
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4. Results and discussions

groupFm3m) is ag = 5.598(4) A. This value agrees, within
the estimated error, with the valag = 5.596 A compiled

Fig. 1ashows a diffraction spectrum recorded at ambient from literature datg19]. Fig. 1bhas been recorded at the
pressure. The lattice parameter of the cubic phase (spaceyressure 43.5 GPa. The sample is partly transformed, and the
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Fig. 1. (a) Indexed diffraction diagram of ThCat ambient pressure.
(b) Indexed diffraction diagram at 43.5 GPa showing partly transformed
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spectrum is a mixture of diffraction lines from the low- and
high-pressure phaseBig. 1c shows the fully transformed
sample at 55 GPa. Only diffraction lines from the orthorhom-
bic high-pressure phase (space groBpma) are now
seen.

Table 1gives the experimental and theoretically calculated
values of the lattice constara, and the relative volume,
VIV, as functions of pressure. The Birch and the Murnaghan
equations of state give almost identical results when fitted
to the present experimental pressure—volume data. As a final
result we quoteBp = 1953 £ 2.0GPa andB; = 5.4 +
0.2, where the uncertainties are the standard errors of the
least-squares fit.

The FP-LTMO-LDA calculation slightly underesti-
mates the lattice constant, givingg = 5.5227A, and
consequently overestimates the bulk modulus, gividag
= 224.63 GPa an®;, = 4.2. In contrast, the data obtained
by the FP-LTMO-GGA calculation are in very good agree-
ment with experiment, both for the lattice constaap (
= 5.6113A) and the bulk modulu§ = 198.44 GPa and
By = 4.2) as seen imable 2 The calculations also show
that ThG is a direct bandgap insulator. The band gap is
4.485 eV according to the LDA calculations, and 4.522 eV
according to the GGA calculations. This theoretical value
of the energy gap underestimates the reported experimental
gap value of 6 eV, because of the inherent limitations of the
LDA and GGA schemesHg. 2).
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ThO,. The diffraction peaks due to the fluorite-type low-pressure phase Fig. 2. Compression curve of ThOThe full curve has been calculated
are denoted by F. (c) Indexed diffraction diagram at 55 GPa showing fully from the fitted equation of state. Theoretical LDA and GGA values are
transformed Th@.

also shown for comparison.
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Table 2

Comparison of experimental and calculated values of the lattice conagarie zero-pressure bulk moduliBy, and its pressure derivativ;, of ThO,

ag (A) By (GPa) By, Method Reference

5.5957 Compiled from literature Benedi(9]
193(2) Ultrasound Macedo et db]
193 Ultrasound Wawrgb]

5.597 278 XRD Benedict et aJ7]

5.535 290 LTMO-ASA Kelly and Brook$8]
223 Inelastic neutron scattering Clausen et{@].
175 Dirac-Fock approximation Harding et §.0]

5.595(1) 262(4) 6.7(5) XRD Dancausse et [4l.
221 3.2 FP-LTMO-GGA Li et al[11]
198(1) 4.6(1) XRD Idiri et al[20]

5.598(3) 195(2) 5.4(2) XRD Present work

5.523 225 4.2 FP-LTMO-LDA Present work

5.611 198 4.2 FP-LTMO-GGA Present work

The number in parenthesis is the estimated error, or the standard deviation

diffraction.

During the course of the present work it has been
brought to our attention that Idiri et gR20] have also un-
dertaken a remeasurement of the bulk modulus of ;ThO
using X-ray diffraction and synchrotron radiation. They
arrive atBg =198 + 2GPa, andB; = 4.6 + 0.3. The
value of the bulk modulus is in very good agreement with
our result. Thus, it now seems to be well established,
experimentally as well as theoretically, that the value
of the zero-pressure bulk modulus of Th@ close to
195GPa.

In conclusion, experiment and theory, after a détour

of the least-squares fit, in units of the last decimal ptacerayRD
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