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Thermal expansion in zircon and almandine:
Synchrotron x-ray diffraction and lattice dynamical study

S. L. Chaplot,1 R. Mittal,1 E. Busetto,2 and A. Lausi2
1Solid State Physics Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400 085, India

2Sincrotrone Trieste, SS 14, Km 163.5, 34012 Basovizza, Trieste, Italy
~Received 6 March 2002; published 12 August 2002!

X-ray diffraction data are obtained on polycrystalline samples of zircon (ZrSiO4) and almandine
(Fe3Al2Si3O12) from 100 to 300 K using x-ray diffraction beam line at Elettra synchrotron source. The
observed thermal expansions in zircon and almandine, which differ by a factor of 2–3, are found to be in good
agreement with the predictions from our lattice-dynamical calculations. The calculations also enabled a mi-
croscopic interpretation of the available experimental data.
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I. INTRODUCTION

In a comprehensive study of the structure, dynamics,
thermodynamics of important materials, the thermal exp
sion behavior forms an important component since it allo
one to probe the anharmonicity of an interatomic interact
potential. In this context, low-temperature data are of spe
interest where quantum-mechanical aspects of dynamics
particularly important. The subject of thermal expansion h
received a boost due to the discovery of an unusually la
negative thermal expansion in ZrW2O8.1 Earlier using a
combination2 of lattice dynamics and high-pressure inelas
neutron-scattering experiments we have successfully
plained the negative thermal expansion behavior in ZrW2O8.
In this paper we report our experimental and theoret
study of thermal expansion in two important materia
namely, zircon ZrSiO4 and almandine Fe3Al2Si3O12, which
have polyhedral structural units but show a normal therm
expansion behavior. The thermal expansion in the two m
rials differs by a factor of 2–3.

Zircon ZrSiO4 ~body-centered-tetragonal cell, spa
group I41 /amd) is an important host silicate mineral fo
heat producing radioactive elements uranium and thorium
the earth’s crust. The mineral is found in igneous rocks a
sediments. Several workers have reported a zircon
scheelite structure phase transition3 in static high pressure
and shock experiments. ZrSiO4 scheelite is one of the mos
incompressible compounds4 containing SiO4 tetrahedra. A
high-temperature neutron-powder-diffraction study5 of zir-
con carried out up to 1900 K showed a displacive ph
transition at 1100 K, and further decomposition in ZrO2 and
SiO2 at 1750 K.

Garnets have several important applications in comp
memories, lasers, microwave optical elements, etc. Silic
garnets have been used6–8 in geothermometers and geob
rometers for crustal and mantle rocks. Extensive studies9–14

have been reported on garnet almandine Fe3Al2Si3O12

~body-centered-cubic cell, space groupIa3̄d) on crystal
structure, lattice vibrations, thermal expansion, etc.

We earlier reported inelastic neutron-scattering exp
ments and detailed lattice-dynamical calculations of zirco15
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and almandine.14 The experimental data of the variation o
unit-cell volume with temperature for zircon5 and
almandine12,13 have been available above room temperat
while the structure9,10 of almandine at 100 K is also known
We have now obtained the structural variation between
and 300 K in both zircon and almandine from x-ray diffra
tion measurements, using 5.2 R beam line at Elettra sync
tron radiation source. We have also analyzed the ther
expansion in these compounds using the lattice-dynam
shell model. The organization of the paper is as follows: S
II gives the experimental details while Sec. III describes
lattice-dynamical studies. A discussion of the results is giv
in Sec. IV while Sec. V presents the conclusions.

II. EXPERIMENT

We have obtained x-ray diffraction data using the 5.2
x-ray diffraction beam line at the Elettra synchrotron sour
We used polycrystalline natural samples of zircon and
mandine. The x-ray diffraction powder profiles were o
tained at several temperatures in the range of 100–300
steps of 10 or 20 K. A cryostream was used for keeping
samples at different controlled temperatures. The temp
ture stability was 0.5 K from 100 to 220 K. Above 220 K th
stability was 4 K. The samples were kept inside a glass c
illary of 1 mm inner diameter and rocked during the me
surements to reduce the systematic errors due to prefe
orientations and inadequate powder averaging. The b
size was chosen to be 0.1 mm. An image plate was used
recording the data. The image plate was of 345 mm diam
and having 2300 pixels diametrically. The diffraction da
were recorded with a wavelength (l) of 1 Å and bandwidth
(Dl/l) of 1023. The sample to the image plate distan
~112.38 mm! and wavelength (0.9992 Å) of the inciden
x-ray beam was calibrated using data taken on a sili
sample at 300 K with the programFIT2D.16 In this configu-
ration, we could measure the diffraction data upto sin(u)/l of
about 0.5.

III. LATTICE-DYNAMICAL CALCULATIONS

Lattice dynamics calculations of the vibrational and th
modynamic properties can be carried out using eithe
©2002 The American Physical Society02-1
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quantum-mechanicalab initio approach or using semiempi
ical interatomic potentials.Ab initio calculations of phonon
modes at the Brillouin zone center have been reported
zircon.17 In view of the structural complexity of these com
pounds, the present calculations, involving integration o
the whole Brillouin zone and volume dependence of phon
modes, have been carried out using semiempirical in
atomic potentials.

We have now used the same interatomic potential mo
as in our previous studies of zircon and almandine.14,15 The
interatomic potentials consist of Coulombic and the sho
ranged Born-Mayer-type interaction terms, van der Waals
teractions, and Si-O bond-stretching potential.14,15The polar-
izibility of the oxygen atoms is introduced in the framewo
of the shell model.14,15,18The empirical parameters are op
mized to reproduce the minimum enthalpy structure close
that determined by the diffraction experiments at zero pr
sure. Further the potential parameters are chosen such
they satisfy the condition of dynamic equilibrium, and lon
wave-length phonon modes and elastic constants are clo
their experimental values. The potential reproduces the st
ture of zircon and almandine quite satisfactorily. The phon
frequencies as a function of wave vectors in the entire B
louin zone and its volume dependence are calculated usi
program19 developed by us. The calculations are carried
in the quasiharmonic approximation. In this approximati

FIG. 1. The Reitveld refinement of powder-diffraction patter
of zircon (ZrSiO4) and almandine (Fe3Al2Si3O12) at 100 K.
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the crystal structure at each pressure is obtained by min
zation of the free energy.18

In quasiharmonic approximation the volume thermal e
pansion coefficient is given by

aV5
1

BV (
i

G iCVi~T!, ~1!

whereV is the unit cell volume,B is the bulk modulus,G i
(52] ln Ei /] ln V) andCVi are the mode Gru¨neisen param-
eter and specific-heat contributions, respectively, of
phonons in statei (5qj ).

The volume thermal expansion in zircon and almandine
determined by integrating over the contribution of phono
of 512 and 28 wave vectors, respectively, in the irreduci
Brillouin zone. In view of the large lattice spacing~around
11.5 Å) of almandine, its Brillouin zone is quite small. Th
dispersion is therefore small and the contribution of phon

FIG. 2. ~a! The experimental data on variation of cell paramet
and unit-cell volume with temperature for zircon from the seco
data set~see text!. The lines through the data are guides to the e
~b! The comparison of the calculated and experimental data of u
cell volume with temperature from two different data sets for zirc
and almandine. The estimated coordinates of the centre-of-im
plate for zircon in two data sets are~1151.7,1149.5! and
~1150.7,1150.5!, respectively, while for almandine the correspon
ing coordinates are~1150.4,1148.5! and ~1150.7,1150.5!. The
present experimental data from the first and second set are sh
using closed and open symbols, respectively.R factors of the
Reitveld refinement are nearly the same in the two data sets~see
text!. The differences of the result from the two data sets refl
their precision. The experimental data for almandine from Ref.
at 100 K is shown by a triangle.
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TABLE I. The structure parameters of zircon and almandine. In zircon~space groupI41 /amd) the atom

positions are at Zr~0, 0.75, 0.125!, Si~0, 0.25, 0.375! and O(0,u,v). In almandine~space groupIa3̄d) the
atom positions are at Fe~0, 0.25, 0.125!, Al~0, 0, 0!, Si~0.375, 0, 0.25!, and O(u,v,w). The literature data on
zircon and almandine are from Refs. 5 and 10, respectively. The number in parentheses refers to the
the last digit as determined by the fitting procedure.

Data set I Data set II Literature
100 K 300 K 100 K 300 K 100 K 293 K

Zircon a(Å) 6.5991~1! 6.6007~1! 6.5963~2! 6.5989~2! 6.610~5!

c(Å) 5.9841~1! 5.9866~2! 5.9824~3! 5.9857~3! 6.001~5!

u 0.0601~5! 0.0581~5! 0.0598~6! 0.0582~5! 0.0646~4!

v 0.1947~5! 0.1945~5! 0.1950~6! 0.1950~5! 0.1967~3!

Almandine a(Å) 11.5026~4! 11.5152~4! 11.5004~3! 11.5156~3! 11.512~1! 11.525~1!

u 0.0355~5! 0.0356~5! 0.0356~4! 0.0362~5! 0.03395~3! 0.03401~3!

v 0.0472~5! 0.0467~5! 0.0466~5! 0.0456~5! 0.04943~3! 0.04901~4!

w 0.6560~6! 0.6558~6! 0.6559~5! 0.6556~6! 0.65268~4! 0.65278~4!
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of 28 wave vectors in the irreducible Brillouin zone is foun
to be sufficient for the calculations of almandine. The high
order contribution20,21 to thermal expansion arising from th
variation of phonon frequencies and bulk modulus with v
ume has also been included. These effects are important
at high temperatures.

IV. RESULTS AND DISCUSSION

The two-dimensional data from the image plate are c
verted into one-dimensional powder-diffraction patterns
ing the programFIT2D.16 This program allows one to dete
mine the coordinates of the center-of-image plate thro
selection of a few points on the circular intense rings
powder-diffraction peaks. We have created two slightly d
ferent sets of one-dimensional data for zircon and almand
by selecting the coordinates of the center-of-image plate
two independent attempts. We find that although there
negligible differences in the results of the structure refi
ment from the two data sets, the differences appear relati
large in the estimated thermal expansion as that require
greater precision. Our results from the two data sets there
provide a measure of the precision achieved in the estim
thermal expansion.

The experimental data for both the sets for zircon a
almandine are analyzed using the Reitveld profile refinem
technique using the programDBWS9411.22 The pseudo-Voigt
function is used to represent individual peaks. TheR factors
are nearly same from the refinement of both the sets of d
The R factors from the refinement of zircon data from t
first ~second! set areRp54.5(5.1) andRwp56.2(7.2). How-
ever, the diffraction peaks are slightly sharper for the sec
set of data by about 5–10 %. The refined diffraction patt
from the second set of data at 100 K for zircon is shown
Fig. 1. The variation of unit-cell parameters and cell volum
from the refinement of second data set are shown in
2~a!. In Fig. 2~b! we have shown the relative volume expa
06430
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sion from both the data sets from 100–300 K.
The diffraction pattern for almandine from the seco

data set is also shown in Fig. 1. TheR factors for almandine
from the first ~second! set of data areRp57.4(7.2) and
Rwp510.5(10.4). The x-ray diffraction data of almandin
contain two extra peaks at angles below 25°. We have a
carried out a two-phase refinement for almandine includ

FIG. 3. The calculated mode Gru¨neisen parameterG(E) aver-
aged for phonons of energyE for zircon and almandine.
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quartz SiO2 as the second phase. TheR factors from the
two-phase refinement of almandine data~second set! areRp
56.7 andRwp59.6. The unit-cell parameters of almandin
remain the same with and without the refinement includ
SiO2. The relative volume thermal expansion for almand
for both the sets of data from 100–300 K is shown in F
2~b!. The experimental data9,10 on the crystal structure fo
almandine are available at 100 K, which are in agreem
with our results@Table I and Fig. 2~b!#. In case of both zircon
and almandine the atomic fractional coordinates rem
nearly the same at all the temperatures from 100 K to 300

The lattice-dynamical model is used for the calculati
~Fig. 3! of the Grüneisen parameter@G(E)# as a function of
phonon energy averaged over the whole Brillouin zo
While G(E) shows two peaks at 20 meV and 40 meV
zircon, for almandine there is only single peak at about
meV. The average value ofG over the whole Brillouin zone
is 0.61 and 1.1 for zircon and almandine, respectively. T
calculation of thermal expansion obtained through Eq.~1! is
in agreement with our experimental data below 300 K@Fig.
2~b!# and the available data above room temperature~Fig. 4!
for zircon and almandine from Ref. 5 and Refs. 12 and
respectively. The observed thermal expansion in zircon
almandine, which is different by a factor of 2–3 in the tw
materials, is found to be in good agreement with the pred
tions from our lattice-dynamical calculations.

In Fig. 5 we show the contribution of various phonons
the thermal expansion as a function of phonon energy at
K, 300 K and 1000 K for both these compounds. In the c
of zircon, the maximum contribution toaV at 100 K is from
phonons of energy around 20 and 40 meV, and that at 30
and 1000 K is largely from around 40 meV energy phono
In almandine the contribution from around 20 meV phono
is maximum at all the temperatures although progressiv
higher-energy phonons contribute at higher temperatu
The calculated partial density of states14,15 for different at-
oms shows that at 20 meV the contribution to the phon

FIG. 4. Comparison between the calculated~dashed line for zir-
con, full line for almandine! and experimental data~symbols! of
cell volumes at different temperatures for zircon (ZrSiO4) and al-
mandine (Fe3Al2Si3O12), (VT /V30021)3100%, VT and V300 be-
ing the cell volumes at temperaturesT and 300 K, respectively. The
experimental data for zircon are from Ref. 5~closed square! and for
almandine are from Refs. 12~closed circle! and 13~open circle!.
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density of states is mainly due to Zr and Fe atoms in zirc
and almandine, respectively. In zircon the contribution at
meV is due to all the atoms.

V. CONCLUSIONS

We have reported the x-ray diffraction measurements
zircon and almandine from 100–300 K. The experimen
data are used for obtaining the thermal-expansion beha
for both these compounds. The thermal-expansion coeffic
is two to three times larger in almandine than in zirco
which is in good agreement with the predictions from o
lattice-dynamical calculations. The lattice-dynamical calc
lations are also helpful in understanding the contribution
various phonons to the total thermal expansion. These s
ies enabled a microscopic interpretation of the available
perimental data and the interatomic potentials have been
ful in succesfully deriving the thermal-expanion behavior
zircon and almandine.
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FIG. 5. The contribution of phonons of energyE to the volume
thermal expansion as a function ofE at 100 K, 300 K, and 1000 K
in zircon and almandine.
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