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Structure, energetic characteristics, and the vibrational spectrum of reidite �ZrSiO4 polymorph isostructural
with sheelite� were studied by periodic density-functional calculations and compared with those of zircon. The
computed structural parameters are in a good agreement with known data. The calculations provide a nonem-
pirical estimation of the elastic constants of this material. Making use of the results of the computations a
complete assignment of the phonons at the � point is proposed that accounts for features observed in the
infrared and Raman spectra of reidite. The comparison of atomic displacements in the vibrational modes of the
reidite and zircon structures permits to explain differences in their vibrational spectra in terms of structural
peculiarities of the two lattices. Analysis of calculated effective charge tensors points to the validity of the
two-body charge redistribution model and gives an estimation for the values of the corresponding charge
transfer parameters.
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I. INTRODUCTION

Reidite, a metastable Scheelite-type polymorph of
ZrSiO4, was first discovered in the high-pressure and high-
temperature experiments,1 where the zircon �ground-state
polymorph� was found to be completely converted into
Scheelite-type crystal structure at T=1200 K and P
=12 GPa. Later on, this structural transformation was ob-
served in the shock wave2,3 and in the static compression
experiments at room temperature.4,5 In the latter studies the
transformation was found to begin at pressure above 20 GPa.
The zircon to reidite transformation is not reversible and the
reidite structure persists upon the pressure release. Neverthe-
less, reidite returns to the zircon structure when it is heated to
1500 K.2

The interest to the zirconium silicate and to the structural
transformations of its polymorphs is manyfold. In the Earth’s
crust zirconium silicate is a host for uranium and thorium
�the natural source of radiogenic heat� and the material is
therefore considered as a natural storage for radioactive
wastes. The measurements of the concentration of the Th and
U atoms isomorphically substituting zirconium in the ZrSiO4
structure is an important means of geological dating. Owing
its large refractive index, zircon �like zirconia� is widely used
as gemstones. Another reason of interest to this material is
due to its extraordinary physical properties. High permittiv-
ity of ZrSiO4 makes it a promising alternative to the conven-
tional silicon oxide as the gate dielectric material in metal-
oxide-semiconductor devices. The compressibility and
thermal expansion of zircon are the lowest among the
oxygen-based compounds; reidite was found to be one of the
most incompressible silicate crystal.6

Vibrational spectroscopy is a very efficient technique for
studying interatomic interactions and atomic rearrangements
accompanying structural phase transformation. The vibra-
tional states of zircon were thoroughly studied both
experimentally6–9 and theoretically10 while significantly less
attention was paid to reidite. Despite notable differences in
the IR �Ref. 3� and Raman3–5 spectra of reidite samples ob-

tained in different experiments, no quantitative analysis of
the zone-center normal vibrations of the structure and their
relation to the experimental Raman and IR spectra was
given. The only attempt to perform such an analysis was
done using empirical potentials and the study was restricted
to the analysis of total density of vibrational states.11 No
first-principles computational results were reported up to
now. This paper aims to fill this gap by reporting results of
ab initio study of the reidite vibrational spectrum. Given the
chemical and structural similarity of reidite and zircon, the
latter structure was also investigated using the same ap-
proach; the outcome of this investigation serves as a basis for
the discussion of the results on reidite.

II. COMPUTATIONAL PROCEDURE

The first-principle periodic calculations of the reidite and
zircon structures were performed in the framework of
density-functional theory �DFT� as implemented in the CRYS-

TAL06 code.12 We used Becke’s three-parameter hybrid non-
local exchange functional combined with Lee-Yang-Parr
gradient-corrected correlation functional �B3LYP�. The use
of this functional in periodic quantum-chemical calculations
was found to result in an accurate description of the struc-
tural data,13 electronic structure,14 and dielectric properties of
different materials.15 The application of B3LYP for studying
the vibrational dynamics of simple16,17 and complex oxides18

has shown that the phonon frequencies can be reproduced
with a precision better than 10 cm−1. In the present study the
atoms were described with all-electron basis sets. The basis
sets reported in Refs. 19 and 20 were used for the Si and O
atoms, respectively. The basis set for the Zr atom was taken
from Ref. 21 and optimized to minimize the energy of zircon
structure with the lattice parameters and atomic positions
fixed at the experimental values.

The Brillouin zone integration was done over a
Monkhorst-Pack grid of 6�6�6 k points, the energy con-
vergence criterium in the self-consistent-field procedure was
set to 10−10 Ha. Zero-pressure and zero-temperature struc-
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tures of the two crystalline ZrSiO4 polymorphs were ob-
tained in a complete geometry optimization. The residual
atomic forces in the final structures were less than 7�10−7

and 4�10−6 Ha Bohr−1 for the zircon and reidite lattices,
respectively, and the frequencies of three low-energy acous-
tic modes ��2 cm−1� indicated that the energy minimum
was indeed achieved.

The infrared spectrum of reidite was computed taking the
transversal-longitudinal �TO-LO� splitting for the polar vi-
brational modes into account. The dielectric tensor compo-
nents for the reidite structure ��

�=3.883 and ��
� =3.807 were

obtained in the CRYSTAL06 calculations �the signs � and �

denote the dielectric tensor components in the directions per-
pendicular and parallel to the c axis, respectively�.22

III. RESULTS AND DISCUSSION

A. Structure

The optimized structural parameters of reidite and zircon
lattices are compared in Table I with the available experi-
mental data and with the results of other computational stud-
ies performed within the DFT with the plane-waves-basis
set. It is seen that the calculations reported in this paper well
reproduce the geometry of both structures; a slight overesti-
mation of the unit-cell linear dimensions �approximately 1%�
occurs for both the reidite and zircon lattices. The table
shows that the calculations based on local density approxi-
mation �LDA� systematically underestimate the unit cell di-
mensions, whereas results obtained in the calculations using
generalized gradient approximation �GGA� do not reveal
such a regular behavior. Nevertheless, all the DFT calcula-
tions predict the reidite/zircon volume ratio equal to 0.9 that
is in a good agreement with the experimental data.4,5,27

B. Energy characteristics

As previous computational studies26,28,29 the present cal-
culations give the zircon structure as the lowest energy poly-
morph of ZrSiO4. However, the energy difference �E
=E�reidite�−E�zircon� obtained in these calculations are
markedly different, as illustrated in Table II. It is remarkable

that the �E values predicted by the GGA calculations are
twice as large as those obtained in the LDA calculations. The
present B3LYP study gives the energy difference value
which is between the GGA and LDA results. The same ten-
dency is seen for the critical pressure PC, whose values de-
rived from the enthalpy equalization condition are listed in
the last column of Table II. Unfortunately, both the �E and
PC quantities cannot be obtained from the available experi-
mental data because of a highly pronounced first-order char-
acter of the zircon-to-reidite transformation.

C. Elastic constants and bulk moduli

Table III reports calculated values of the elastic constants
and bulk moduli for reidite and zircon, and compares them
with the experimental data and results of previous calcula-
tions. The comparison with the experimental data for zircon
shows an overall good agreement, especially for the con-
stants C11, C44, and C12. Measured values of the bulk modu-
lus for zircon differ from each other by approximately 10%.
The bulk modulus obtained in our calculations is close to the
upper limit of these values and agrees well with the experi-

TABLE I. Structural parameters �in Å� of reidite and zircon crystalline lattices and fractional coordinates of oxygen atoms in the
primitive cells.

Method, Ref.

Reidite Zircon

a c x /a y /a z /c a c x /a y /a z /c

Expt.a 4.734 10.510 0.28 0.14 0.07 6.61 6.00 0.0 0.1854 0.1783

LDAb 4.723 10.411 0.2585 0.1573 0.0788 6.599 5.959 0.0 0.1839 0.1806

LDAc 6.54 5.92 0.0 0.1855 0.1805

GGAb 4.788 10.640 0.2584 0.1571 0.0774 6.704 6.040 0.0 0.1833 0.1797

GGAd 4.722 10.629 0.2572 0.1550 0.0757 6.632 5.987 0.0 0.1828 0.1763

B3LYP, this work 4.776 10.620 0.2583 0.1561 0.0772 6.679 6.044 0.0 0.1824 0.1799

aExperimental data for reidite and zircon from Refs. 23 and 24, respectively.
bReference 25.
cReference 10.
dReference 26.

TABLE II. Equilibrium volume V �in Å3 /molecule�, reidite-
zircon energy difference �E �in eV/molecule�, and critical pressure
PC �in GPa�.

Method, Ref. V�reidite� V�zircon� �E PC

Expt.a 58.884 65.538

LDAb 58.059 64.874 0.217 5.3

LDAc 58.0 64.5 0.205 5

GGAb 60.980 67.865 0.482 11.2

GGAd 59.249 65.832 0.598 15

B3LYP, this work 60.571 67.405 0.345 8.7

aExperimental data for reidite and zircon from Refs. 23 and 24,
respectively.
bReference 25.
cReference 28.
dReference 26.

SMIRNOV, SUKHOMLINOV, AND SMIRNOV PHYSICAL REVIEW B 82, 094307 �2010�

094307-2



mental and theoretical results by Marqués et al.25

The available experimental B0 values for reidite have
even larger scatter, up to 27%. Results of the present calcu-
lations are closer to the value 301.4�12.5 GPa obtained by
Scott et al.6 and, as the other nonempirical calculations do,25

underestimate the measured bulk modulus of this material.
There are no experimental data on the elastic constants of
reidite; to the best of our knowledge the data presented in
Table III provide the theoretical prediction based on nonem-
pirical calculations. Elastic constants for reidite were calcu-
lated by Chaplot et al.11 using empiric model potentials.
Comparison of their results with our data �Table III� shows
the same trend for values of the diagonal constants while
absolute values differ significantly.

D. Phonons

1. Phonons: General considerations

Space symmetry group of reidite is I41 /a �C4h
6 �. There are

12 atoms �two formula units� in the primitive cell and the
zone-center normal modes are distributed over irreducible
symmetry representations as follows:

� = 3Ag + 5Bg + 5Eg + 5Au + 3Bu + 5Eu.

The ZrSiO4 compound can roughly be considered as an
orthosilicate of zirconium. From this view point, its crystal
structure consists of Zr4+ cations and silicate anions �SiO4�4−.

Correspondingly, the normal modes of such a structure in the
center of Brillouin zone can be classified in terms of relative
translations of cations and anions, rotations, and internal vi-
brations of the complex anions. The internal vibrations of an
isolated regular SiO4 tetrahedron are characterized by four
modes of different symmetry, which are depicted in Fig. 1.
These are totally symmetric bond-stretching mode ��1�, tri-
ply degenerated antisymmetric bond-stretching mode ��3�,
triply degenerated umbrellalike angle-bending mode ��4�,
and doubly degenerated angle-bending scissoring mode ��2�.
For both the zircon and reidite crystal lattices the presence of
the inversion symmetry operation, which transforms the two
translationally nonequivalent structural units one to other,
further facilitates the analysis of normal modes. Thus, any
mode of even parity �gerade� includes in-phase deformations
or antiparallel displacements of SiO4 tetrahedra while any
mode of uneven parity �ungerade� involves antiphase defor-
mations or parallel displacements of the tetrahedra. All vi-
brational modes can then be sorted into twin pairs consisting
of the corresponding tetrahedra motions. Furthermore, as-
suming relatively weak intertetrahedra interactions, one can

1 2 3 4ν ν ν ν

FIG. 1. Schematic presentation of internal vibrations of isolated
tetrahedron.

TABLE III. Elastic constants Cij and bulk modulus B0 �in GPa� of reidite and zircon structures.

C11 C33 C44 C66 C12 C13 C16 B0

Reidite

B3LYP, this work 467.0 364.6 109.2 157.2 202.7 168.5 97.0 258.5

Expt.a 301.4�12.5

Expt.b 392�9

LDAc 258

GGAc 221

Eff. potentialsd 470 288 74 133 241 255 303

Zircon

B3LYP, this work 427.5 509.8 110.1 41.2 69.9 169.0 0 233.6

Expt.e 424.4 489.6 113.3 48.2 69.2 150.2 227.6

Expt.f 199�1

Expt.b 205�8

Expt.c 225�8

Expt.g 227�2

LDAc 231

GGAc 201

aReference 6.
bReference 30.
cReference 25.
dReference 11.
eReference 31.
fReference 5.
gReference 32.
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suppose that the frequencies of such twin modes do not sig-
nificantly differ from each other. These two issues will fur-
ther be used while analyzing the vibrational dynamics of the
lattices.

One of reasons of splitting of the internal vibrations of
tetrahedral units in crystals is their distortion lifting the de-
generacy. In the reidite structure the SiO4 tetrahedra are flat-
tened in z direction and the mode splitting predicted from the
geometric consideration is as follows. The tetrahedron vibra-
tions polarized in x an y directions �E modes of crystal origi-
nating from �3

x and �3
y tetrahedron vibrations� must have

higher frequencies than the same vibrations polarized in z
direction �A and B modes coming from �3

z vibration�. In con-
trast, the E modes coming from the �4 vibration must have
lower frequencies than the analogous A and B modes. The
structural distortion of the tetrahedra also affects the two �2
vibrations: that involving elongation of tetrahedron in z di-
rection ��2

z� must have lower frequency than another one
producing tetrahedron deformation in the xy plane ��2

xy�.
Note that in zircon structure, the tetrahedra are elongated in
the z direction and consequently, one can expect an opposite
character of the distortion-induced splitting.

The calculated modes of the reidite and zircon structures
classified according to the twin scheme by the analysis of the
calculated eigenvectors at the � point are listed in Table IV;
the corresponding motions of the SiO4 tetrahedra are re-
ported in the next to the last column of the table with the
polarization of the modes of SiO4 tetrahedra shown by the
upper index. For the rotational �R� and translational �T�

modes the Cartesian subindex denotes orientation of the ro-
tational axes or direction of the translation. Signs plus and
minus in notations of translations serve to discriminate be-
tween in-phase and antiphase translations of cations and an-
ions located in the same ab plane. The results of present
calculations on zircon are in a good agreement with those of
Ref. 10.

2. Phonons: Discussion

The results given in Table IV show that the calculated
frequencies of the �2, �3, and �4 modes of reidite follow the
splitting rules predicted above by considering the distortion
of the SiO4 tetrahedra in the structure. It can also be seen that
the assumption of weakly interacting tetrahedra seems to be
reasonable for the high-frequency modes coming from �1
and �3 tetrahedron vibrations. For these modes, the g-u fre-
quency splitting does not exceed 60 cm−1 �i.e., less than 8%
of the frequency value�. Moreover, a decrease in frequencies
of polar Au and Eu modes with respect to the corresponding
Bg and Eg twins can be partly explained by Lorentz field
effect.

At the same time, Table IV shows that the g-u splitting is
significant for some modes coming from �2 and �4 tetrahe-
dron vibrations. In zircon, the maximum frequency differ-
ence is observed for the B2u ��2

z� and A1g ��2
z� modes and it

amounts to 142 cm−1. In reidite, the frequency differences
between Bu ��2

z� and Ag ��2
z� modes is larger and achieves

236 cm−1. Such a large difference suggests that these modes

TABLE IV. Frequencies and assignment of zone-center phonons of reidite according to DFT calculations.
The corresponding data for zircon structure are given for comparison.

Reidite Zircon

Assignment Raman peakaAg Bu Ag Bu

875 848b 981 �1�c 960 �2� �1 1

420 656 464 �1� 606 �2� �2
z 6

334 404 251 �2� 141 �1� Rz 8

Bg Au Bg Au

852 791 1017 �1� 983 �2� �3
z 2

635 625 666 �1� 617 �2� �4
z 3

483 376 262 �2� 449 �1� �2
xy 5

362 0 230 �1� 0 �2� Tz
+ 10

247 290 407 �1� 363 �2� Tz
− 7

Eg Eu Eg Eu

893 848 921 865 �3
x, �3

y 1

570 513 574 439 �4
x, �4

y 4

469 381 366 404 Rx, Ry 5

301 250 239 286 Tx
−, Ty

− 9

214 0 204 0 Tx
+, Ty

+ 11

aFigure 5.
bFrequencies of silent modes are given in italic.
cNumbers in parentheses show different symmetry species A1g, A2g, etc.
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cannot be considered as local vibrations of isolated tetrahe-
dra. Previous ab initio calculations of ZrO2 polymorphs33

indicated that modes involving stretching vibrations of Zr-O
bonds lie in the frequency interval from 500 to 600 cm−1.
Hence, the modes in the region 450–650 cm−1 usually clas-
sified as either the �2 or �4 tetrahedron vibrations3,4,34 can
have an important contribution of Zr-O bond stretching co-
ordinates.

Let us consider in more details the g-u twins related to �2
z

vibrations in reidite: the Ag mode at 420 cm−1 and the Bu
mode at 656 cm−1. The calculated atomic displacements of
these modes are shown in Fig. 2. It is clearly seen that both
the modes involve similar deformations of the SiO4 tetrahe-
dra. The phase difference in these modes, however, produces
markedly different distortions of the ZrO8 polyhedra. The
polyhedra accomplish quasi-isotropic pulsations in the Bu
mode whereas in the Ag mode the distortion of the ZrO8
polyhedrons is more complicated: a half of Zr-O bonds
shorten while the other half of the bonds stretch. Further-
more, as Fig. 2 illustrates, the Bu mode involves an important
variation of the lengths of the O-O edges in the ZrO8 poly-
hedra whereas the Ag mode does not. Hence, the different
behavior of the Zr-O and of O-O distances in these modes
permits to explain such a large g-u frequency splitting.

The zirconium-oxygen interactions also result in rela-
tively high frequencies of modes, which are nominally attrib-
uted to tetrahedron rotations �R� and translations �T�. Thus,
the frequency 404 cm−1 of the lowest Bu mode in reidite,
which can be described as Rz mode, is comparable with fre-
quencies of intratetrahedron modes. Computed eigenvector
of the Rz mode is shown in Fig. 3 �top panel�. It is clearly
seen that this mode indeed produces rotation of SiO4 tetra-
hedra. At the same time, this motion leads to the shortening
of a half of the Zr-O bonds. These are just these deforma-

tions that account for such a relatively high frequency of the
mode classified as the tetrahedron rotation. It is worthy of
note that in zircon the same mode �B1u� has much lower
frequency 141 cm−1. This result can be explained by struc-
tural difference between the two lattices. The computed ei-
genvector of the B1u mode in zircon is displayed in Fig. 3
�bottom panel�. One sees that this mode involving pure rota-
tions of SiO4 tetrahedrons also produces quasirotations of the
ZrO8 polyhedrons without changing the Zr-O bond lengths.

Analysis of Table IV shows that the A and B modes ��1
and �3

z� of reidite structure have notably lower frequencies
than those of zircon one �downward shift amounts to
192 cm−1� while frequencies of the E modes do not differ
significantly from each other. This feature results from a
common action of two factors. The first one is a decrease in
Si-O force constant due to an increase in the Si-O bond
length in reidite as compared to that in zircon. Our calcula-
tions predict the Si-O bond lengthening from 1.633 to
1.658 Å, in a good agreement with the change from 1.623 to
1.655 Å found experimentally.23 An estimation based on the
Badger rule35 shows that the increase of the bond length can
account for a downward shift of �60 cm−1 for the modes of
the reidite structure. The second factor is the distortion of the
SiO4 tetrahedra in reidite and zircon. As it was discussed

FIG. 2. Displacements of atoms in Ag mode at 420 cm−1 �top�
and in Bu mode at 656 cm−1 �bottom� of reidite structure. Small
gray circles and large gray circle denote oxygen and zirconium
atoms, respectively.

FIG. 3. Displacements of atoms in Bu mode at 404 cm−1 of
reidite �top� and in B1u mode at 141 cm−1 of zircon �bottom�. Tet-
rahedra SiO4 are shown as squares with oxygen atoms in corners;
large gray circle in the center of figures denote zirconium atom.
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above �Sec. III D 1�, the flattening of the tetrahedra in the z
direction in reidite leads to the splitting of the triply degen-
erated �3 mode in such a way that the modes of E symmetry
have higher frequencies than the modes of the A and B sym-
metries whereas the splitting has the opposite character in the
zircon structure. As a result, while comparing two structures,
the energies of E modes approach each other, while those of
A and B modes are moving further apart. This issue is sche-
matically illustrated in Fig. 4.

3. Raman and infrared spectra

Nonpolarized Raman spectra of reidite samples obtained
in the high-pressure recovery experiments were reported in
Refs. 3–5. Figure 5 compares an experimental Raman spec-
trum with frequency positions of the calculated Raman ac-
tive normal modes. A proposed assignment of the observed
peaks in the spectrum is presented in the last column of Table
IV.

Analysis of the experimental Raman spectra of reidite re-
ported in Refs. 4 and 5 shows that all these spectra contain
peaks in the vicinity of 1000 cm−1. These peaks have a no-
table intensity in the spectrum reported by Knittle et al.4

while they are much less pronounced in the spectrum by van
Westrenen et al.5 and are rather weak in the spectra by Guc-

sik et al.3 The authors of Refs. 3 and 5 suggested that these
spectral features do not belong to reidite but are due the rest
of zircon structure persisting in the samples because of in-
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bar is at the position of the TO mode and the width of bar corre-
sponds to the TO-LO splitting. The experimental powder absorption
spectra of reidite �solid line� and zircon �dashed line� are shown for
comparison �adapted from Fig. 1 of Ref. 3�.

FIG. 7. Displacements of atoms in the Eu ��4
x� mode at

439 cm−1 of zircon �top� and 513 cm−1 of reidite �bottom�. Circles
in the center of the tetrahedra denote silicon atoms.
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complete phase transition. Both the studies reported a down-
ward shift of more than 100 cm−1 for the high-frequency
Raman peaks just after zircon-reidite phase transition. Re-
sults of our calculations permit to attribute the peaks ob-
served around 850–900 cm−1 to the three high-frequency
Raman modes of reidite thus confirming the assignment pro-
posed by Westernen et al.5 and by Gucsik et al.3 As dis-
cussed above, the reason for the downward shift is the
changes in the geometry of the SiO4 tetrahedra upon the
zircon-reidite transition that leads to the increase in the Si-O
bond length. It is worth of noting that similar downward shift
of the high-frequency spectral peaks in the Raman spectra
was observed in studying the zircon-to-sheelite transforma-
tions of vanadates36,37 and chromates.38

Figure 6 presents the spectrum of infrared active modes of
reidite and compares it with the experimental absorption IR
spectrum adapted from Ref. 3. Since the maxima of bands in
the IR absorption spectrum lie in-between the TO-LO peaks
positions, the agreement with the experimental data can be
considered as very satisfactory.

Comparing the experimental IR spectra of reidite and zir-
con �Fig. 6� one can make some interesting observation. In-
deed, the IR spectrum of reidite contains an intense band at
500 cm−1 that is absent in the spectrum of zircon. According
to our calculations this band can be assigned to the Eu ��4

x�
vibration and the calculated frequency of this mode is

513 cm−1 and 439 cm−1 in the reidite and zircon structures,
respectively. In a line with discussion presented in Sec.
III D 2, the reason for the 74 cm−1 frequency difference can
be ascribed to the different participation of the Zr-O bonds in
the vibrations.

The calculated eigenvectors of the mode in the two struc-
tures �Fig. 7� evidence that the direction of atomic displace-
ments in the Eu ��4

x� mode of zircon �Fig. 7, top panel� is
almost perpendicular to the Zr-O bonds and thus, the lengths
of Zr-O bonds almost do not vary in the mode. On the other
hand, the oxygen atom displacements in the analogous mode
of reidite �Fig. 7, bottom panel� are directed along one Zr-O
bond of the Zr-O-Zr bridges. Consequently, the effective
force constant of this mode in reidite is enhanced because of
the stretching of the Zr-O bonds.

4. Born effective charges

Table V presents the Born charge tensors Z� obtained in
the ab initio calculations for the reidite and zircon structures.
Values of the effective charges evidence that the polarization
in zirconium silicate polymorphs cannot be adequately de-
scribed within the rigid ion approximation and that atomic
displacements produce an important redistribution of elec-
tronic density, i.e., charge transfer between atoms.

Hereafter, we attempt to reveal a possible microscopic
mechanism of the charge transfer. This issue was previously

TABLE V. Calculated effective charge tensors for atoms in reidite and zircon �in e units�.

Atom Zircona Reidite

Zr 5.527 0.000 0.000 5.41 0.00 0.00 5.095 1.349 0.000

0.000 5.527 0.000 0.00 5.41 0.00 −1.349 5.095 0.000

0.000 0.000 4.724 0.00 0.00 4.63 0.000 0.000 5.207

Si 3.291 0.000 0.000 3.25 0.00 0.00 4.349 −1.235 0.000

0.000 3.291 0.000 0.00 3.25 0.00 1.235 4.349 0.000

0.000 0.000 4.583 0.00 0.00 4.42 0.000 0.000 3.404

O −1.254 0.000 0.000 −1.15 0.00 0.00 −2.355 −0.569 −0.400

0.000 −3.146 0.352 0.00 −3.17 0.34 −0.569 −2.376 0.387

0.000 0.136 −2.324 0.00 0.16 −2.25 −0.318 0.214 −2.157

aTensors in parentheses are from Ref. 10.

0
@

1
A

1
A

1
A

0
@

0
@

TABLE VI. Effective charge tensors for atoms in the zircon and reidite structures computed with the
two-body charge-transfer model.

Atom Zircon Reidite

Zr 5.500 0.000 0.000 5.378 0.000 0.000

0.000 5.500 0.000 0.000 5.378 0.000

0.000 0.000 4.780 0.000 0.000 5.024

Si 3.253 0.000 0.000 3.999 0.000 0.000

0.000 3.253 0.000 0.000 3.999 0.000

0.000 0.000 4.495 0.000 0.000 3.002

O −1.258 0.000 0.000 −2.576 −0.882 −0.635

0.000 −3.118 0.927 −0.882 −2.113 −0.101

0.000 0.927 −2.319 −0.635 −0.101 −2.007
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discussed in relation to the IR intensities of zircon in Ref. 39,
where it was shown that the intensities of all IR-active
modes can be satisfactorily described by assuming a two-
center character of the dynamic charge transfer with the
charge flow proportional to the variations in the Si-O and
Zr-O bond lengths. This idea goes back to the pioneering
paper by Kleinmann and Spitzer40 and it is used here to
interpret the results of the quantum-chemical calculations.
The two-center charge-transfer model represents effective
Born charge of atom i as

Zi
� = Zi

0I + �
j�bonds

Cijbij , �1�

where Zi
0 denotes a permanent �ionic� charge of the atom, I is

the identity tensor, Cij is a charge-transfer parameter for the
bond between the atoms i and j, and bij =eij � eij is dyadic
product of the unit vector eij of the bond. Obviously, the
relation Cij =−Cji should hold to maintain the electroneutral-
ity condition. As the sign of Cij parameters is ambiguous, we
have chosen the positive sign for i=Zr,Si. Such a choice
corresponds to the increase of cation charges upon increasing
the cation-oxygen bond length and leads to the relation
1
3Tr�Zi

��	Zi
0 in agreement with the first principles results

�Table V�.
Considering three Zi

0 ionic charges and three Cij param-
eters for the Si-O and two nonequivalent Zr-O bonds, we
have fitted their values in order to reproduce �in the least
mean-square sense� the effective charge tensors given in
Table V for atoms in the zircon polymorph. The effective
charge tensors calculated with these parameters for atoms in
zircon are listed in the second column of Table VI while
obtained values of Zi

0 and Cij parameters are given in Table
VII. It is seen that all seven diagonal Z



� �
=x ,y ,z� values
are well reproduced with five independent Zi

0 and Cij param-
eters. Values of the nondiagonal Zyz

� element for oxygen atom
are slightly overestimated. The fitted values of the Z0 and Cij
parameters are realistic both from point of view of ionic
charge distribution �Zi

0 values� in the compound and from the
point of view of the relative bond strengths: the Cij param-
eters values correlate with the length and strength of the M-O
bonds.

The effective charge tensors of atoms in reidite computed
with the Zi

0 and Cij parameters derived on zircon are reported
in the third column of Table VI. From the comparison of

Tables V and VI one sees that the model well reproduces all
main changes of the Z� tensor elements induced by the zir-
con to reidite structural transformation. It can therefore be
concluded that these changes are primarily due to the struc-
tural changes upon the phase transition. It is worth of noting
the deviation of the symmetry of Z� tensors with respect to
the Cartesian indexes �Table V�. This effect is more promi-
nent for the Z� tensors of atoms in the reidite structure. For
the Si and Zr atoms the relation Zxy

� =−Zyx
� is dictated by the

symmetry constraint and since the two-body charge-transfer
model implies the relation Zxy

� =Zyx
� , the presence of nonzero

Zxy
� elements points to the existence of many-body charge-

transfer channels. A limitation of the two-center model also
manifests itself in asymmetric values of the off-diagonal Z
�

�

elements for the oxygen atoms. Despite these minor discrep-
ancies the results presented above unambiguously show that
the charge transfer in the zirconium silicate polymorphs has
primarily two-body character.

IV. CONCLUSIONS

The structure and phonon states at � point of reidite �zir-
conium silicate polymorph isostructural with Sheelite� were
studied using periodic density-functional calculations and
compared with those of zircon. Results of the calculations
well agree with all structural, energetic, and dynamical prop-
erties of the zircon and reidite available in the literature. In
particular, the paper reports a theoretical ab initio determina-
tion of the elastic constants for the reidite structure.

The results of the calculations permitted a reliable assign-
ment of the vibrational normal modes of the reidite. The
simulated vibrational spectra of both reidite and zircon poly-
morphs are in a good agreement with their experimental IR
and Raman spectra. The results provide a definitive interpre-
tation of the high-frequency part of the reidite vibrational
spectrum and confirm the attribution of spectral features
above 900 cm−1 in Raman spectrum to remaining untrans-
formed domains of zircon, as it was proposed in Refs. 3 and
5. The comparison of calculated eigenvectors of the vibra-
tional modes for the reidite and zircon structures permits to
explain differences in their vibrational spectra in terms of
structural peculiarities of the two lattices. Analysis of calcu-
lated effective charge tensors provides a definitive conclu-
sion on reliability of the two-body charge redistribution
model and gives estimation for corresponding charge-
transfer parameters.
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TABLE VII. Parameters of two-body charge-transfer model.

Atom Z0 �e� Bonda Cij �e�

Si 1.224 Si-O �1.633� 1.833

Zr 3.812 Zr-O �2.154� 0.789

O −1.259 Zr-O �2.277� 0.297

aBond lengths �in Å� are given in parentheses.
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