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Zirconium silicate is an extremely durable materials with the variety of useful optical and 
electronic properties and broad range of existing and potential applications. Using 
Density Functional Theory (DFT) in local density approximation (LDA) and generalized 
gradient approximation (GGA) with plane wave (PW) basis set we have revealed eight 
new polymorphs of ZrSiO4 within the energy range ~1 eV above the most stable zircon 
which have higher and lower density than experimentally known zircon and reidite. Two 
structures, which have both silicon and zirconium atoms six-fold coordinated, 
orthorhombic AlTaO4-like (alumotantite) and monoclinic PbWO4-like (raspite), have 
similar energies at GGA level ~0.35 eV above reidite and density intermediate between 
zircon and reidite. Among two low-density structures, which can be potentially revealed 
experimentally in the nanocrystalline thin films, the orthorhombic CaSO4-like form has 
energy similar to reidite but much lower density. We also conducted a comparative study 
of existing ZrO2 and SiO2 polymorphs, which demonstrates the higher accuracy of GGA 
approach.  
 

Zirconium silicate has a broad range of existing and potential applications such as 
nuclear safety, microelectronics, protective coating, fuel cells, heterogeneous catalysis 
and jewelry. Zircon is an extremely durable and resistant material. Its crystalline structure 
is capable to sustain integrity under a high dose of radiation and accommodate a large 
quantity of radioactive actinides, which makes it useful as a host material for disposition 
of nuclear waste.1 The high optical and mechanical stability of amorphous zirconium 
silicate films meet the criteria required for the solar coatings application.2 Recently, Zr 
and Hf silicates have drawn considerable attention as alternative [to conventional SiO2] 
high permittivity (high-k) gate dielectrics in CMOS devices.3 

Besides zircon (group I41/amd)4 the only other experimentally known form of 
ZrSiO4 is reidite,5 which belongs to the scheelite (CaWO4)

6 type minerals (group I41/a) 
and can be formed from zircon under the static pressure about 12 GPa5 and at a higher 
pressure in the shock wave experiments.7 Reidite has a smaller unit cell volume (Vo) and 
a higher bulk modulus (Ko) than zircon. These two ZrSiO4 polymorphs have been studied 
comparatively by Density Functional Theory (DFT) 8 , 9  and classical force-field 
methods.8,10 Farnan et al.9 have reported 6.2 and 11.4 GPa theoretical pressures of the 
phase transition between two polymorphs at 0oK at the Local Density Approximation 
(LDA) and Generalized Gradient Approximation (GGA) levels, respectively. Tange and 
Takahashi11 had observed reidite decomposition to ZrO2 (cotunnite) and SiO2 (stishovite) 
in the pressure range 15-25 GPa and temperature between 1500 and1800oC. Amorphous 
zirconium silicate thin films deposited on the silicon substrate also segregate into ZrO2 
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and SiO2 at elevated temperature (>1000oC) applied to anneal the gate stacks in CMOS 
technology.12 

Although Reid and Rigwood’s work5 was motivated by a potential synthesis of a 
six-coordinated silicate structure, the resulted reidite has four coordinate silicon and 
eight-coordinated zirconium atoms in its tetragonal unit cell, similar to zircon. No other 
polymorphous forms of ZrSiO4 have been reported to our best knowledge, although 
Guscik et al.13 had difficulties in explaining results of their shock wave experiments in the 
range 0-60 GPA in terms of the phase transformation between zircon and reidite. In 
amorphous zirconium silicates, which can be produced by vapor deposition, irradiation or 
melting of the crystalline phase, lower coordination of zirconium atoms was observed 
(see, for example, ref. 14 and the papers cited therein). In particular, low-coordinated Zr 
atoms in SiO2- rich silicates were observed by extended x-ray absorption fine structure 
spectroscopy (EXAFS) and claimed to cause an enhancement of the dielectric constants 
of ZrSixOy alloys.15 (See also ref.16  for a theoretical study of model Zr silicates). 

 In our paper we studied computationally different ZrSiO4 polymorphs by using 
known ABO4 structures17,18 as initial geometries with replaced the A and B cations by Zr 
and Si atoms and carrying out subsequent optimization of ion positions and the unit cell 
parameters. DFT computations were carried with LDA VWN19 and GGA PW9120 along 
with Vanderbilt ultrasoft pseudopotentials (USPP)21 and 29.1 Ry energy cut off. The final 
GGA calculations presented in our paper were carried using “frozen-core” PAW 
approach.22 The k points were sampled according to Monkhorst-Pack23 4×4×4 scheme. In 
the calculations of the bulk moduli by fitting P-V in the third-order Birch-Murnaghan 
equation24 the cut-off energy was increased to 36.4 Ry, and the tetrahedron method with 
Blöchl correction25 was employed in integration via k-points. All computations were 
carried out with VASP program package.26 

The unique ZrSiO4 polymorphs revealed in our study within ~1 eV/mol energy 
range above the most stable zircon structure at LDA or GGA level of theory are 
presented in the Table 1. They are entitled below by the chemical formulas of the 
crystalline structures which have been used as starting geometries in ion position and unit 
cell parameters relaxation. To distinguish them from the original crystalline structures, 
the corresponding ZrSiO4 polymorphs are printed in bold letters. In Table 1 we also 
present the symmetry of the resulting structures, density (at GGA level) and coordination 
of Zr and Si atoms.   
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  Table 1. ZrSiO4 polymorphs. 
 

Structure 
(prototype) 

Symmetry 
 

Coordi-
nation 
Zr/Si 

Density, 
g/cm3 

GGA 

E(GGA), 
eV/mol 

E(LDA), 
eV/mol 

 
Zircon 

 
Tetragonal 

 
8/4 

 
4.63 

 
0.0 

 
0.0 

CaWO4 

(Scheelite) 
 

Tetragonal 
 

8/4 
 

5.16 
 

0.43 
 

0.24 
SbNbO4 

(Stibiocolumbite) 
 

Orthorombic 
 

8/4 
 

5.18 
 

0.72 
 

0.58 
CaSO4-I 

(Anhidrite) 
 

Orthorombic 
 

8/4 
 

4.66 
 

0.74 
 

0.84 
EuPO4 

(Monazite) 
 

Monoclinic 
 

8/4 
 

4.91 
 

1.04 
 

0.91 
AlTaO4 

(Alumotantite) 
 

Orthorombic 
 

6/6 
 

4.95 
 

0.78 
 

0.80 
PbWO4 

(Raspite) 
 

Monoclinic 
 

6/6 
 

5.03 
 

0.79 
 

0.75 
MnWO4 

(Wolframite) 
 

Monoclinic 
 

6/6 
 

5.28 
 

1.06 
 

0.82 
CaSO4-II 

(Anhidrite) 
 

Orthorombic 
 

6/4 
 

3.23 
 

0.49 
 

1.05 
CuSO4 

(Chalcocyanite) 
 

Orthorombic 
 

6/4 
 

4.06 
 

0.96 
 

1.39 
  
 The first five rows in Table 1 (see also Fig. 1) present the structures which have 
eight-coordinated Zr and four-coordinated Si atoms in the order of increasing energies. 
Zircon has the lowest density among the structures with Zr/Si = 8/4 coordination. 
Molecular volume, bulk moduli and bonds lengths of the two lowest energy 
experimentally known ZrSiO4 polymorphs, zircon and CaWO4 are presented in Table 2 
in comparison with experimental and other computational results available in the 
literature. Three higher energy ZrSiO4 forms with Zr/Si = 8/4 coordination have been 
obtained by replacement of the cations and optimization of the orthorhombic SbNbO4 

(stibiocolumbite, group Pc2127 and CaSO4 (anhydrite, group Amma)28   and monoclinic 
EuPO4 (monazite, group P21/n)29 (see Fig. 1c, 1d and 1e, respectively). Note, that the rare 
earth phosphates have both monazite and zircon (xenotime) structures. Monazite 
preferentially incorporates larger and xenotime smaller cations.29  

Remarkably, that at lower energy threshold used in the initial screening we also 
revealed a low energy monoclinic fergusonite type polymorph (group C2/c), which has 
been optimized using YNbO4 structure by replacing Y and Nb atoms by Zr and Si atoms, 
respectively 30  However, with an increased energy threshold and the monoclinic 
fergusonite YNbO4 structure has converged to the tetragonal CaWO4. Transitions 
between zircon, scheelite and fergusonite type structures under pressure are known for 
different minerals. Besides zirconium silicate,5,7 YVO4 is also known to undergo an 
irreversible phase transition from zircon to scheelite structure at 8.5 GPa.31 A few ABO4 
minerals, such as CaWO4,

32 CaMoO4
33 and LiYF4

34 transform from tetragonal scheelite 
to monoclinic fergusonite structure under pressure above 10-15 GPa.   
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Table 2 Equilibrium volume at zero pressure and temperature.e, bulk modulus and bond 
lengths of the two lowest energy ZrSiO4 structure, zircon and reidite (CaWO4 - scheelite) 
computed at the GGA (LDA) level.  
 

 Vo (Å
3) Ko (GPa) RZr-O (Å) RSi-O (Å) 

Zircon 263.05 (253.17) 

270.4 (256.1)a 

Exp.: 263.02 b 

209 (233) 
196 (228)a 

Exp.: 227c 

2.266  
2.138  

 
1.629  

CaWO4 236.01 (227.16) 

243.2 (229.8) a 

Exp.: 235.8d 

235 (266) 
212 (254) a 

Exp.: 301e 

2.256  
2.154  

 
1.657  

 a) Ref. 9; b) Ref. 4; c) Ref. 35; d) Ref. 5; e) Ref. 36.  
 

We have revealed three structures, which have both silicon and zirconium atoms 
six-fold coordinated (see Fig. 2), orthorhombic AlTaO4 (alumotantite, group Pbcn)37 and 
monoclinic PbWO4 (raspite, group P21/a

38  and MnWO4 (wolframite, group P2/c) 39  
AlTaO4 and PbWO4 structures have similar energies at the GGA (within 0.1 eV) and 
MnWO4 polymorph has the highest energy at GGA level and also the highest density 
among the structures presented in Table 1.  

Two low density ZrSiO4 structures revealed computationally in our study (see last 
two rows in Table 1) are shown in Fig. 3. The orthorhombic CaSO4-II (Fig. 3a) also 
originates from the CaSO4 (anhydrite, group Amma)28 in geometry optimization started 
from larger c parameter of the unit cell. The two structures, CaSO4-I (see Fig. 1d) and 
CaSO4-II do not collapsed into each other in LDA and GGA optimization, while they 
can be converted into each other by compression-expansion of the unit cell along z 
direction. Compression CaSO4-II increases coordination of Zr atoms from six to eight in 
CaSO4-I.  It is remarkable that CaSO4-II energy at the GGA level is close to the 
experimentally known reidite, while GGA and LDA results   differ significantly. It is 
apparent from the energies presented in the Table 1 that the low density structures have 
higher relative energy at the LDA level while opposite trend is revealed for the high 
density structures. The orthorobmic CuSO4 structure (chalcocyanite, group Pnma)40 has 
an intermediate density between CaSO4-I and CaSO4-II structures but higher energy at 
GGA and LDA levels. The low density metastable nanocrystalline or amorphous 
structures are likely to be present in zirconium silicates deposited at the low temperature 
and may result in higher dielectric constants of ZrxSiyOz thin films.15 

 In order to estimate accuracy of the DFT methods applied in this study in 
computation of the relative stability of crystalline of ZrSiO4 forms we have computed 
three ZrO2 (monoclinic, tetragonal and cubic) and three SiO2 (α-quartz,  α-crystobalite, 
and stishovite) polymorphs for which the numerous experimental and computational 
results are available (see Table 3). Comparison of our results with experimental 
thermochemical data and other calculations provides a basis for conclusion that our GGA 
calculations provide accuracy within ~0.1 eV/mol range ( 2-3 kcal/mol) while LDA 
results are certainly less accurate. For both SiO2 and ZrO2 LDA has tendency to narrow 
down the range of energy differences between polymorphs. However, such trend is not 
present in calculations of ZrSiO4 polymorphs: Nine structures presented in Table 1 have 
energy within 1.06 eV at GGA and 1.39 eV at LDA level.   
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Table 3. Relative energies of SiO2 and ZrO2 polymorphs (in eV). 
 
 E (α-quartz) = 0.0 E (m-ZrO2) = 0 

 (α-crystobalite) Stishovite t-ZrO2 c-ZrO2 
GGA, this study -0.06 0.53 0.13 0.19 
LDA, this study 0.02 0.10 0.04 0.08 

Experiment 0.03a 0.51-0.54b 0.06c 0.12 c 
GGA   0.57d 0.11e 0.17 e 
LDA 0.19f 0.05f 

0.02d 
0.04e 
0.06g 

0.07 e 
0.10g 

a)  Ref. [41],  b)  Ref. [42,43],   c) Ref. [44],  d) Ref. [45],  e) Ref. [46],  f) Ref. [47], g) Ref. 
[48].  
 
 In conclusion we studied computationally virtual polymorphs and found seven 
new structures of ZrSiO4 within ~ 1 eV above zircon with the higher and lower density 
than experimentally known zircon and reidite. Based on the comparison with the 
available experimental data including those for ZrO2 and SiO2 polymorphs we conclude 
that GGA approach provide more accurate results for energies and structures of ZrSiO4 

polymorphs. Our results should help to identify the potentially existing high and low 
density ZrSiO4 polymorphs and in designing novel materials based on it and other ABO4 
minerals.  Our future study will focus on a detailed characterization of the new forms of 
ZrSiO4 and possibility of their experimental observation and stabilization, e.g. by defects 
and impurities (dopants). Considering the relatively low energy difference between the 
experimentally known zircon and reidite structures, the new forms of ZrSiO4 can be 
potentially identified at a high pressure, e.g. in the deep mantle, in nano crystalline form 
at the deposition (low density forms) or in high energy collisions during decay of 
radioactive ions imbedded in zirconium silicate matrix.  
 This research was supported by a Grant-in-aid for Scientific Research 
(KAKENHI) in Priority Area "Molecular Nano Dynamics", from the Ministry of 
Education, Culture, Sports, Science and Technology of Japan. The authors thank the 
Computer Center of the Institute for Molecular Science for the use of computers. 
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Figure captions 
 
 
Fig. 1. Crystalline structures of the ZrSiO4 polymorphs containing eight-coordinated Zr 
and four-coordinated Si atoms (GGA results): (a) tetragonal zircon: a = b = 6.631 Å, c = 
5.983 Å; (b) tetragonal CaWO4: a = b = 4.743 Å, c = 10.492 Å; (c) orthorhombic 
SbNbO4: a =  5.101 Å, b = 5.083 Å, c = 9.058 Å; (d) orthorhombic  CaSO4-I: a =  6.594 
Å, b = 6.634 Å, c = 5.972 Å; (e) monoclinic EuPO4: a = 6.241 Å, b = 6.554 Å, c = 6.302 
Å, β = 105.8o;    Zr – Large light grey circles, Si – smaller dark grey circles, and O- small 
black circles. 
 
Fig. 2. Crystalline structures of ZrSiO4 polymorphs which have six-coordinated Zr and Si 
atoms (GGA results): (a) orthorhombic AlTaO4: a = 4.695 Å, b = 11.241 Å, c = 4.661 Å; 
(b) monoclinic PbWO4: a =  11.779 Å, b = 4.610 Å, c = 4.725 Å, β = 109.2o; (c) 
monoclinic MnWO4: a = 4.684 Å, b = 5.081 Å, c = 4.907 Å, β = 98.8o. Zr – Large light 
grey circles, Si – smaller dark grey circles, and O- small black circles. 
 
Fig. 3. Crystalline structures of low density ZrSiO4 polymorphs (GGA results): (a) 
orthorhombic CaSO4-II: a = 6.420 Å, b = 6.561 Å, c = 8.944 Å; (b) orthorhombic 
CuSO4: a = 9.115 Å, b = 6.790 Å, c = 4.850 Å.  Zr – Large light grey circles, Si – smaller 
dark grey circles, and O- small black circles. 
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