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Zircon, ZrSiOy, is a geophysically important mineral for which a knowledge of the phonon spectra and
interatomic potentials would be very useful for modeling the thermodynamic properties at high temperatures
and high pressures. We have carried out extensive inelastic neutron scattering experiments on zircon which
extend previous phonon measurements to several branches not yet studied, in particular at high energy transfer
up to 85 meV. First principles density functional perturbation theory calculations of the phonon dispersion
relations have been completed and found to be in agreement with the measurements. The experimental data of
the phonon frequencies and the crystal structure have been used to refine an interatomic potential with a lattice
dynamical shell model. The shell model calculations produce a very good description of the available data on
the phonon density of states measured on a polycrystalline sample. The model is used further to calculate the
structure, dynamics, and the Gibb’s free energy as a function of pressure, in the zircon and scheelite phases.
The free energy calculation reproduces the stability of the scheelite phases above 10 GPa as compared to the

zircon phase.
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I. INTRODUCTION

Zircon ZrSiO, is a geophysically important material. In
particular, it is an important host silicate mineral for heat
producing radioactive elements uranium and thorium in the
Earth’s crust. The mineral is found in igneous rocks and
sediments. A phase transition from the zircon to scheelite
structure has been observed in static high pressure'* and
shock experiments.’ The compressibility® and thermal
expansion’ of zircon are lowest among the oxygen based
compounds. Zircon finds useful industrial applications due to
its low thermal conductivity and high melting point. It is a
good refractory material with a low thermal expansion and
good thermal shock resistance. We note that ZrSiO, scheelite
is even more incompressible than zircon itself and is one of
the most incompressible compounds® containing SiO, tetra-
hedra. A high temperature neutron powder diffraction study’
of zircon carried out up to 1900 K showed a displacive phase
transition at 1100 K, and further decomposition into ZrO,
and SiO, at 1750 K. Due to the various applications of zir-
con, several groups'®!'# have reported experimental and the-
oretical studies of its structural and vibrational properties,
including the specific heat and elastic constants.!>1

For a better understanding of the ZrSiO, phase diagram
and the thermodynamic properties at high pressures and high
temperatures, a knowledge of the interatomic potentials
would be very useful. Accurate interatomic potentials will
permit multiscale modelling of zircon which can be used to
derive the phase diagram, elastic, vibrational and thermody-

1098-0121/2006/73(9)/094308(8)/$23.00

094308-1

PACS number(s): 63.20.Dj, 78.70.Nx, 71.15.Mb

namic properties at high pressures and temperatures. In the
present study, we made an attempt to develop such an inter-
atomic potential. In order to be able to refine the interatomic
potential previously reported by us'* we have carried out
extensive phonon studies on zircon which extend previous
measurements to several branches not yet studied, in particu-
lar at high energy transfer up to 85 meV. Further, density
functional linear response studies'’"!° have been undertaken
to derive the phonon dispersion relations of zircon along
various high symmetry directions. The ab initio results are in
good agreement with the inelastic neutron data and repro-
duce the experimental structure and phonon frequencies at
least as well as the empirical shell model potential without
the need of fitting to experimental data. On the other hand,
an empirical potential has its merits for exploring the phase
diagram and thermodynamic behavior of the material under
study. As we will show, our empirical potential successfully
reproduces the phase transition from the zircon to the
scheelite structure under pressure.

II. EXPERIMENT

The neutron measurements were performed in three
rounds using different techniques. Our early measurements
of the phonon dispersion relation in zircon were performed
on the medium resolution triple axis spectrometer at
Trombay.'> Due to the relatively low neutron flux of this
instrument, these measurements were restricted to an energy
range up to 32 meV. Subsequently, further measurements'*
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FIG. 1. The upper and lower panels correspond to neutron in-
elastic scattering scans performed using the PRISMA spectrometer
at ISIS and 1 T spectrometer at LLB, respectively. The spectrum at
LLB was collected in three hours. At ISIS eleven spectra were
recorded simultaneously in 20 hours time.

were done on the PRISMA spectrometer at ISIS using time
of flight technique.?” The maximum phonon energies re-
corded on this instrument were 65 meV. These measure-
ments yielded a large number of phonon frequencies because
TOF techniques allow a simultaneous measurement of sev-
eral phonons along specific paths in Q-E space [we could use
11 analyzer-detector systems on the PRISMA spectrometer at
ISIS (Ref. 20)]. We performed additional measurements us-
ing the 1 T triple axis spectrometer at the Laboratoire Léon
Brillouin, Saclay. This instrument is equipped with vertically
and horizontally focusing monochromators and analyzers re-
sulting in a high neutron intensity. Measurements in the
(100)-(010) scattering plane were done with Culll and py-
rolithic graphite (PG002) as a monochromator and analyzer,
respectively. This configuration gave a higher intensity than
that of the PRISMA spectrometer, but a lower resolution.
Further measurements in the (100)-(001) scattering plane
were done with Cu220 as a monochromator. This reduced the
intensity by nearly a factor of 3 but improved the resolution
considerably. Figure 1 shows a comparison of two scans
taken along a similar path in (Q,E) space on the PRISMA
spectrometer and the 1 T spectrometer with Cu220 as mono-
chromator. The superiority of the triple axis spectrometer
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with this particular setup is obvious for such type of mea-
surements.

All the phonon dispersion measurements discussed here
were carried out on the same natural single crystal of about
4 cm? obtained from the mining site at Puttetti, Tamilnadu,
India. It contains 0.9% of hafnium by weight as the main
impurity. The crystal was cooled to 10 K in a helium cry-
ostat.

III. LATTICE DYNAMICAL CALCULATIONS

Lattice dynamical calculations are essential for the plan-
ning of neutron experiments, i.e., for the calculation of the
one-phonon structure factors in order to select the most ap-
propriate Bragg points for the detection of particular
phonons. Furthermore, they are very important for assign-
ments of the various inelastic signals to specific phonon
branches.

Lattice dynamical calculations require information about
the interatomic forces that can be obtained either by using a
quantum-mechanical ab initio formulation or by using semi-
empirical interatomic potentials. Density functional theory
calculations of the zone-center phonons using the local den-
sity approximation (LDA), have been reported.'> We have
studied the phonon dispersion relations along the various
high symmetry directions in the Brillouin zone using the
same extended norm conserving pseudopotentials used
earlier.'”> These calculations within the LDA have been car-
ried out using plane wave basis sets and the code ABINIT,?!
using the supercomputing resources at the Bhabha Atomic
Research Centre. The Brillouin zone integrations were per-
formed with a 4 X4 X4 k-point mesh using a plane wave
energy cutoff of 70 Ry. In addition, we have refined the
earlier interatomic potentials'* using the crystal structure of
zircon and the present phonon data at the zone center and
zone boundary. Hereby, we were aiming at a potential that is
transferable to other structures.

The interatomic potential used here consists of Coulombic
and short-ranged Born-Mayer type interaction terms

V(r) = ¢ Z02k) +aex L —g
| 4ms, r P R(k) + R(k") o

(1)

Here r is the separation between the atoms of a type k and k'.
R(k) and Z(k) are the effective radius and charge of the kth
atom type. We have treated a=1822 eV and b=12.364 as
constants; this choice has been successfully used earlier in
the lattice dynamical calculations of several complex
solids.?>?3 The van der Waals interaction in Eq. (1) (last
term) is applied only between the oxygen atoms. We have
also included a Si-O bond stretching potential of the form

V(r) == D exp[—n(r—r,)*(2r)]. (2)

The parameters used in our calculations are Z(Zr)=3.50,
Z(Si)=2.54, Z(0)=—1.51, R(Zr)=1.93 A, R(Si)=0.83 A,
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TABLE 1. Comparison between the experiment®,” (at 293 K) and calculated structural parameters (at 0 K) of zircon and scheelite phase
of ZrSiO,. For zircon structure (body centered tetragonal, I4;/amd) the Zr, Si, and O atoms are located at (0, 0.75, 0.125), (0, 0.25, 0.375),
and (0,u,v), respectively, and their symmetry equivalent positions. For scheelite structure (body centered tetragonal, /4;/a) the Zr, Si, and
O atoms are located at (0, 0, 0.5), (0, 0, 0), and (u,v,w), respectively, and their symmetry equivalent positions.

Calculated Calculated®
Experiment® shell model ab-initio Experiment® Calculated
(Zircon) (Zircon) (Zircon) (Scheelite) (Scheelite)
a (A) 6.610 6.51 6.54 4.726 4.70
¢ (A) 6.001 6.08 5.92 10.515 10.71
u 0.0646 0.071 0.0645 0.252
v 0.1967 0.208 0.1945 0.143
w 0.070
aReference 4(a).
PReference 24.
‘Reference 12.
R(0)=19 A, C=100eV A%, D=1.1eV, n=240A", r, IV. RESULTS

=1.627 A. The polarizibility of the oxygen atoms is intro-
duced in the framework of the shell model*>?¢ with the shell
charge Y(0)=-2.68 and shell-core force constant K(O)
=110 eV A2 The crystal structure at any pressure (at zero
temperature) is obtained by minimization of the enthalpy. At
ambient pressure the calculated structure (Table I) is in good
agreement with the available experimental data.?* The lattice
dynamics calculations are carried out in the quasiharmonic
approximation. The shell model calculations have been car-
ried out using the current version of the code DISPR (Ref. 27)
developed at Trombay.

Zircon

A. Crystal structure, group theoretical analysis, and long
wavelength lattice dynamics

Zircon, ZrSiO, has a body centered tetragonal structure
(Fig. 2) with space group I4,/amd and two formula units per
primitive cell. Neutron diffraction studies on a single
crystal’! and polycrystalline samples® are available. The Zr
and Si atoms occur at special positions 4a and 4b, respec-
tively, whereas O atoms occur at 16A. The principle structure
unit can be considered as a chain of alternating edge-sharing
Si0, tetrahedra and ZrOg triangular dodecahedra extending

Scheelite

FIG. 2. (Color online) Ball and stick representation of the zircon (space group I4,/amd) and scheelite (14,/a) phases of ZrSiOy,.
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parallel to the c-axis, with the chain joined along the a-axis
by edge-sharing ZrOg dodecahedra. As can be inferred from
Table I, the computed structure obtained both from shell
model potentials and first principles are in good agreement
with experiment.

Group theoretical symmetry analysis was undertaken to
classify the phonon modes belonging to various representa-
tions. This enables direct comparisons with observed single
crystal Raman, infrared and inelastic neutron data. Because
of the selection rules only phonon modes belonging to cer-
tain group theoretical representations are active in typical
single crystal Raman, infrared and inelastic neutron scatter-
ing measurements. These selection rules are governed by the
symmetry of the system and the scattering geometry em-
ployed. The theoretical scheme for the derivation of the sym-
metry vectors is based on irreducible multiplier representa-
tions and described in detail in Ref. 25 This involves
construction of symmetry adapted vectors,”® which are used
for block diagonalizing the dynamical matrix and then, for
the assignment of the phonon modes belonging to various
representations.

The phonon branches at the I" point, and along the A, A,
and X directions decompose as follows:

I 2A1g+A2g+A1Ll+4A2Ll+4Blg+BZg+Blu+232£4+5Eg
+5E

us

O Expt.(Trombay) @
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Al lAl +7A2+ ]]A3+7A4,
A: 6A1 + 2A2 + 6Ag + 2A4 + 10A5,

2: 82] + 8224’ 1023 + 1024

The zone center, Ay, By,, By,, and E, modes are Raman
active, and E,, and A,, modes are infrared active. The E, and
E, modes are doubly degenerate. The Ay, Ay, By,, and B,,
modes are optically inactive, but can be observed using in-
elastic neutron scattering. The A,, and E, modes are polar
modes exhibiting LO-TO splittings, with their macroscopic
field, respectively, parallel and perpendicular to the tetrago-
nal ¢ axis. The computed long wavelength phonon modes
(Table TI) are found to be in good agreement with the present
inelastic neutron experiments and reported Raman and infra-
red data.'” The shell model long wavelength results show a
satisfactory agreement with the experimental data'> with an
average deviation of 4% as seen in Table II. Ab initio calcu-
lations agree better with experiments with a 2% average de-
viation (Table II).

B. Phonon dispersion relations

The symmetry assignments and phonon dispersion rela-
tions results from the present inelastic neutron scattering ex-
periments are shown in Fig. 3 along with those from earlier

Expt.(ISIS) ® Expt.(LLB)

A A, A, A, A, A, A A A
140 2 : 2~ 4 s
120+ ] I [ ] ]
f — [T .,
S brer=r =
1001 - - - - - - -
/>-\ -!‘f" I - J
[]
& T
b —:Z-_-Z:‘:
o;‘o.'. F---= =
i e e
-

FIG. 3. The experimental phonon dispersion curves in zircon along

% (@00) 1 0 (qo0) 1 0 (q00) 1 0 (q00) 1 O (00g) 1 0 (00g) 1 0 (00g) 1 O (00q) 1

with the lattice dynamical calculations (solid lines for shell model,

dashed lines for ab initio) for zircon. The open rectangles, solid circles and open circles give the phonon peaks identified in the experiments
at LLB (France), ISIS (Ref. 14) (UK), and Dhruva (Ref. 13) (India), respectively.
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TABLE II. Comparison of the experimental and calculated zone centre optic phonon modes in meV units.
The present first principles density functional studies use the same code and pseudopotentials as Rignanese et
al.* and the long wavelength results are identical. The results obtained using the fitted shell model are also

given.
Calculated
Raman and IR modes Present neutron Ab initio Calculated
Ref. 10(a) Ref. 10(b) experiment (Ref. 12) (shell model)
Ajg 54.5 53.5 54.8 56.2
120.9 120.5 116.5
Ay, 32.7 30.0 31.7
By, 26.6 26.2 27.9 24.4
48.8 48.2 49.3 50.8
82.0 78.4 82.4
125.1 126.2 124.6
By, 33.0 34.0 31.3 30.0
E, 24.9 25.4 24.1 25.8
27.9 27.8 27.9 26.3
443 44.8 46.5 45.3
68.6 66.5 67.4
125.1 114.5 114.9
Al 51.0 48.7 54.7
By, 17.8 14.8 19.4
B,, 70.3 69.5
117.1 113.6
A,,(LO) 59.6 59.3 56.2 59.1 62.0
75.4 79.7 76.6 80.2 77.2
137.5 136.5 136.0 133.0
A,,(TO) 42.1 432 37.2
75.2 79.5 74.6 74.5
121.2 121.6 123.2
E,(LO) 43.9 423 44.8
51.7 52.1 51.8
58.1 57.8 58.8
128.3 127.7 121.0
E,(TO) 35.6 349 35.8 35.4 32.6
48.4 47.3 48.2 47.5 47.6
53.5 53.2 54.0 52.4 51.8
109.8 108.1 107.6 108.7

4Reference 12.

experiments at Dhruva (India) and ISIS (UK). Due to the
involved nature of these experiments, such extensive mea-
surements are often not available despite their importance.
The measured data are compared with the computed first
principles results and the fitted results obtained using the
shell model. The present experimental results are generally
in very good agreement with the earlier ones'>!* wherever
available and also in agreement with the first principles cal-
culations. The quality of the fit is also satisfactory with about
4% deviation between the experimental and the calculated
shell model values. The observed phonon intensities are
found to be in good qualitative agreement with the calculated
one-phonon structure factors, which is quite satisfactory con-
sidering the many corrections involved in the experimental

intensities and the difficulties generally encountered when
making predictions from models.

C. Elastic constants, thermodynamic properties, and high
pressure phase transitions

As stated above, an important objective of the present
work was to develop accurate interatomic potentials for zir-
con in order to derive various macroscopic properties over a
wide range of pressure and temperature. Thus the interatomic
potentials developed in this study have been used to compute
various properties. The calculated phonon density of states
obtained by integrating over the phonon modes in the whole
Brillouin zone and its comparison with available neutron
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FIG. 4. (a) The comparison of the measured (Ref. 11) (solid circles) and calculated (solid line, shell model) neutron-cross-section-
weighted phonon density of states in zircon. The line through the solid circles is only a guide to the eye. The calculated phonon density of
states for scheelite phase is also shown in lower panel. The multiphonon contribution has been subtracted from experimental data to obtain
the experimental one-phonon spectrum. (b) The calculated partial density of states of various atoms and total density of states of ZrSiO, in

zircon and scheelite phase.

scattering data from polycrystalline sample!! is shown in Fig.
4(a). The agreement between the two is quite satisfactory in
terms of the various peak positions although the peak at
25 meV appears stronger in the calculations. Both the ex-
perimental inelastic neutron powder data and calculation
show a band gap in the frequency range from
90 to 110 meV. This band gap is also obtained from the
present single crystal inelastic neutron data. For the Si-O
stretching modes around 120 meV, the experiment shows a
single broad peak while the calculations indicate separated
peaks. However, the experimental resolution might have
been insufficient to resolve the small peak at 128 meV pre-
dicted by our calculations. We have also given predictions of
the phonon density of states in the scheelite phase from the
present potential. Figure 4(b) provides the partial contribu-
tions to the density of states from various atomic species. We
further note that the computed elastic constants (Table IIT),
equation of state (Fig. 5), and specific heat (Fig. 6) obtained
from the shell model, are also in good agreement with re-
ported experiments. The reported experimental values of the
bulk modulus in the scheelite phase are 392 [ Ref. 4(c)] and

301 GPa (Ref. 8) which are very different from each other,
the latter is close to the calculated value of 303 GPa. The

TABLE III. Comparison between the experimental® and calcu-
lated elastic constants and bulk modulus of ZrSiO, in zircon and
scheelite phases (in GPa units). The experimental data of bulk
modulus (B) is from Refs. 4(c) and 8. Calculated bulk modulus is
from calculated elastic constants.

Experiment Calculated Experiment Calculated
Elastic constant (Zircon) (Zircon)  (Scheelite) (Scheelite)
Ci 424.4 432 470
Cs3 489.6 532 288
Cu 113.3 110 74
Ces 482 39 133
Cir 69.2 73 241
Ci3 150.2 180 255
B 205(8) 251 392(9), 301(12) 303

4Reference 16.
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FIG. 5. The comparison between the calculated and experimen-
tal (Ref. 4) equation of state of ZrSiO, in zircon and scheelite
phases.

former value is difficult to understand since the measured
equation of state appears in good agreement with calcula-
tions. The difference probably arises from fitting procedure

150
° ®
4 o,
125 //m
] -
100+
é 1 —— Calc.(Zircon)
£ 737 ¥ 0 - Calc.(Scheelite)
2 O Expt.(Zircon)[15(a)]
O 5o ® Expt.(Zircon)[15(b)]
254
04« T r r T
0 200 400 600 800 1000

T(K)

FIG. 6. The comparison between the calculated and experimen-
tal (Ref. 15) specific heat of ZrSiOy in zircon phase. The calculated
C, in scheelite phase is shown by the dashed line.
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FIG. 7. The calculated phase diagram of zircon as obtained from
the free energy calculations in the zircon and scheelite phases of
ZrSiOy. The experimental observations (Ref. 4) of stable phases and
phase boundary are also shown.

used in deriving the experimental values of the bulk modu-
lus.

A phase transition from zircon to scheelite structure has
been observed in ZrSiO, at high pressures. The interatomic
potential developed for the zircon phase has been used for
the lattice dynamical calculations in the scheelite phase. The
stability of a crystalline phase is determined by the minimi-
zation of the Gibbs free energy. The calculated structure (Fig.
2) of the scheelite phase is given in Table I. We have calcu-
lated Gibbs free energies including the complete vibrational
contributions as a function of pressure up to 20 GPa and
temperature up to 2000 K in the zircon as well as the high-
pressure scheelite phase. The free energy calculation repro-
duces the stability of the scheelite phases above about
10 GPa (Fig. 7) as compared to the zircon phase, in good
agreement with experiments. This is highly satisfactory since
usually it is very difficult to reproduce free energy differ-
ences with requisite high accuracy for phase diagram calcu-
lation. It is also a very difficult task to identify equilibrium
phases from experiments at high pressure due to large hys-
teresis often found at low temperature.

V. CONCLUSIONS

This paper reports a significant extension of our previous
lattice dynamical studies of the mineral zircon using the
technique of neutron inelastic scattering in combination with
first principles studies and a lattice dynamical shell model.
Nearly complete experimental data are now available on the
phonon dispersion relation in two high-symmetry directions
up to 85 meV. The ab initio calculations reproduce the ex-
perimental data on the structure and the vibrational proper-
ties very well. The agreement between calculation and ex-
periment is slightly worse for the shell model but is still quite
satisfactory. Further quantities derived from the model, i.e.,
the elastic constants, equation of state, density of states, and
specific heat computed using the fitted potentials are all
found to be in good agreement with experiments. Moreover
the model has the advantage that it can easily be used for

094308-7



CHAPLOT et al.

calculating the free energies as a function of pressure up to
20 GPa and temperature up to 2000 K in the zircon as well
as the high-pressure scheelite phase. Thus, it is possible to
explore the relative stability of the two phases, zircon and
scheelite, across their observed phase transition pressure of
about 10 GPa. We found that observed phase diagram is very
satisfactorily reproduced by our calculations. This means that
the potential derived in the present work can be fruitfully
used to understand the high pressure and temperature phase
diagram, thermodynamic properties and various microscopic

PHYSICAL REVIEW B 73, 094308 (2006)

and macroscopic properties of zircon using a combination of
techniques like lattice dynamics calculations and molecular
dynamics simulations.
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